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Since the first discovery of atomically thin sheets of carbon, two-dimensional (2D) 
materials have captured the interest from scientific community to expand the understanding in 
fundamental physics and chemistry at low dimensional systems.. With extraordinary phenomena 
only possible at atomically thin limits, there has been high demand to reveal new and unique 2D 
materials and manipulate their structures and properties. Structural tunability of superatomic solids 
motivates us to control dimentionality of the materials and construct layered structures which could 
be exfoliated to 2D materials. The layered crystal [Co6Se8(PEt2phen)6][C60]5 can be used as a 
template to create a 2D C60-based material with an optical gap in mid-infrared. Re6Se8Cl2 and 
Mo6S3Br6, are presented as the first examples of covalently linked 2D superatomic solids built 
from nanoscale building blocks with hierarchical structures and semiconducting properties. We 
further demonstrate the emergence of hierarchical coherent phonons in a 2D superatomic 
semiconductor Re6Se8Cl2. Lastly, we explore complex magnetic phases in 2D ferromagnetic 
semiconductor CrSBr using second harmonic generation and Raman spectroscopy. 2D 
 
 
superatomic semiconductors and 2D magnetic materials provide additional sets of design 
principles to manipulate structural, electronic, phononic, and magnetic properties at the atomically 
thin limits. These materials hold promises as model systems to study fundamental physical 
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1.1 Two-Dimensional Materials 
Since the first discovery of atomically thin sheets of carbon,1 two-dimensional (2D) materials have 
captured the interest from scientific community to expand the understanding in fundamental 
physics at low dimensional systems as well as to discover extraordinary phenomena only possible 
at atomically thin limit. Graphene is a sheet of carbon arrange in a honeycomb structure with a 
thickness of an atom. Graphene exhibits exceptional electronic properties, especially with its high 
mobility even under ambient conditions.1-3 Due to the linear dispersion at the Dirac cones at the K 
and K’ points, charge carriers behave as massless Dirac fermions to have the superior electronic 
properties.4-6 Furthermore, superior quality of the exfoliate graphene allowed ballistic transport 
and observation of quantum hall effects.1,4,7 Charge carriers at the Dirac cone near the Fermi level 
experience strong electron-phonon coupling, which manifests as Kohn anomaly depending on 
charge carrier density in the phonon dispersion.8,9 Graphene is an attractive material for 
photodetection application due to high mobility and its strong interaction with lights in a broad 
range of photons.10,11 
2 
 
Figure 1.1. Family of 2D materials with their band gaps and band structure at 
the monolayer limit. Adapted with permission from ref. 12. Copyright 2014, 
Springer Nature. 
Inspired by the discovery of graphene and its unique properties, the scientists have been 
expanding the library of 2D materials (Figure 1.1). One way to classify the materials is according 
to their band gaps, which categorize the materials into metals, semimetals, semiconductors, and 
insulators.12 MoS2, MoSe2, WS2, WSe2 and many other transition metal dichalcogenides (TMDCs) 
fall into semiconductor category. While having indirect gap in bulk, band structure of 
semiconducting TMDCs change the material to possess direct gap at the monolayer limit and 
exhibit strong photoluminescence (PL) and absorption at the exciton resonance.13-17 Strong spin-
orbit coupling splits the valence bands in the K points of the band structure,15,18 and the three-fold 
symmetry of the material gives rise to pseudospins in ±K valleys that results in valley selective 
circularly polarized absorption and emission and an ideal system for spin- and valleytronics.19-23 
3 
Breaking of inversion symmetry at the monolayer limit causes TMDCs to show strong second 
harmonic generations, which is used to probe crystal orientation as well as phase transitions.24-27 
Black phosphorus is a small-gap semiconductor whose band gap can be tuned from infrared 
to visible range by varying its thickness and strain.28-30 It also exhibits directional electronic and 
thermal transports that are perpendicular to each other.31 h-BN monolayer is an insulator with 6 
eV band gap, and few-layer h-BNs are frequently used to encapsulate other 2D materials for 
electrical insulation, gate dielectrics, and protection from chemical reactions.32 
With the discoveries expanding our understanding on fundamental physic and chemistry, 
as well as with the potential applications with atomically thin structures and novel performances, 
there has been a high demand to reveal new 2D materials with unique structures and properties. 
One example is to achieve a 2D lattice with hierarchical structure or superlattice starting from 
nanoscale building blocks. However, the approach has been challenging due to polydispersity of 
lattice units such as nanocrystals or quantum dots, and from weak coupling between the 
constituents originating from presence of ligands and surfactants. Another example is 2D magnetic 
materials. It has been long believed that ferromagnetism or antiferromagnetism is unstable and 
absent in low-dimensional systems.33 Nevertheless, recent discovery of 2D Ising-type 
antiferromagnetic material34 and 2D ferromagnetic materials35,36 have triggered a search for 2D 
magnetic materials. In this dissertation, we present structural control of 2D superatomic materials 
and their emergent properties, and magnetic transitions in a 2D ferromagnetic semiconductor 
probed with nonlinear spectroscopy. 
4 
1.2 Superatomic Solids 
 
Figure 1.2. Library of superatomic crystals assembled with charge transfer 
between molecular building blocks. Adapted from ref. 37. 
Superatomic solids are crystalline materials composed of molecular clusters as superatomic 
building blocks. Atomic precisions of superatomic clusters enable to construct superatomic lattice 
with binary components, analogous to conventional materials with binary elements. For example, 
[Co6Se8(PEt3)6][C60]2, the first material of its kind, is a superatomic crystal with binary 
components of Co6Se8(PEt3)6 and C60,
38 analogous to CdI2 in crystal structure, where charge 
transfer from Co6Se8(PEt3)6 to C60 allows cocrystalization of the material. 
Due to diverse molecular clusters readily available from previous works on their 
syntheses,39-43 many superatomic crystals have come to realization in the past few years (Figure 
1.2). Many of the superatomic crystals, such as [Co6Se8(PEt3)6][C60]2, [Cr6Te8(PEt3)6][C60]2, 
[Co6Te8(P
nPr3)6][C60]3, and [Co6Se8(PEt2phen)6][C60]5, behave as narrow-gap semiconductors in 
mid-infrared rang of 100-400 meV.38,44,45 Band gap of [Co6Te8(P
nPr3)6][C60]3 can be altered 
through chemical intercalation of 200 meV to 650 meV.44 Optical gap of [Co6Te8(PEt3)6][C70]2 
can be switched between 80 to 400 meV from phase transitions of C70 dimers.
46 
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[Ni9Te6(PEt3)8][C60] exhibits long-range magnetic order at low temperature from intercluster 
ferromagnetic coupling.47 These examples show the potential of superatomic solids in structural 
engineering and manipulating electronic and magnetic properties by controlling superatomic 
building blocks. 
Structural tunability of superatomic solids motivates us to control dimentionality of the 
materials and construct layered structures, which could be exfoliated to 2D materials. In a layered 
crystal of [Co6Se8(PEt2phen)6][C60]5, phenanthrene ligands collectively functions as buckybowls 
to enhance van der Waals interaction with fullerenes, directing then to form 2D sheets of C60 in 
the crystal.45 Layered structure is also found in [Co6Te8(P
nPr3)6][C60]3, whose packing structure 
allow chemical intercalation via single-crystal-to-single-crystal transformation.44 Analogous to 
Chevrel phases,48 Re8Se8Cl2 and Mo6S3Br6 possess covalently linked superatomic units to enhance 
intercluster coupling and exhibit semiconducting properties in near-infrared.49,50 These intriguing 
and promising recent developments in superatomic solids have driven us to explore 2D 
superatomic semiconductors and their emergent properties from unique structural design. 
1.3 Magnetic 2D Materials 
Magnetism is a consequence of exchange interactions between spin magnetic moments in the 
material. Ferromagnetism generates spontaneous magnetic moment to a material as electron spins 
and their magnetic moments align to the same direction. In contrast, antiferromagnetism is an 
antiparallel arrangement of magnetic moments to give zero net moment below the ordering 
temperature called Néel temperature.51 Magnetic materials have diverse applications in motors and 
generations, magnetoresistive memories, optical isolators, etc., and their applications in 2D realm 
has been highly desired.52 For many years after the first discovery of 2D materials, however, 
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magnetic 2D materials remained missing despite layered van der Waals magnetic materials have 
been known for a long time.53 
Magnetic moments fluctuate from spin waves, which are quantized with magnons. A 
material must show stronger exchange interaction than the thermal fluctuation of spin waves 
randomizing the magnetic moments. While mean field theory in 3D materials allow spontaneous 
magnetization at finite temperature overcoming the spin waves, in 1D and 2D systems 
magnetization is disrupted by spin waves and become unstable.33 This is especially the case with 
magnetically isotropic materials as spin wave excitation gap disappears in the magnon density of 
states. However, in the presence of uniaxial magnetic anisotropy, spin wave excitation gap opens 
and suppress thermal fluctuation of magnons, allowing magnetization at finite temperatures.52,59 
Since the first discovery of 2D antiferromagnetic monolayer FePS3 and atomically thin 
ferromagnetic materials of CrGeTe3 and CrI3,
 34-36 there has been an extensive search to discover 
2D ferromagnets and antiferromagnets (Figure 1.3). FePS3 is a 2D Ising-type antiferromagnet with 
 
Figure 1.3. Library of 2D magnetic materials. Adapted with permissions from 
ref. 34-36,54-58. Copyright 2016, 2018, American Chemical Society, 2017, Nature 
Springer, and 2018, John Wiley and Sons. 
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Néel temperature TN = 118 K, which shows zone-folding in Raman spectrum from magnetic 
phase transition. CrGeTe3 and CrI3 are ferromagnetic 2D materials with Curie temperature 𝑇𝐶 at 
30 K and 45 K, respectively, determined with magneto-optical Kerr effect (MOKE) microscopy. 
CrI3 bilayer shows antiferromagnetic coupling between layers, which can be controlled with 
electrostatic doping.60,61 CrI3 bilayer have been using as spin-filter depending on external magnetic 
field by measuring tunneling magnetoresistance.62,63 The material also showed helical 
photoluminescence depending on orientation of its magnetic moments.64 Fe3GeTe2 has been 
shown to have 𝑇𝐶  at 130 K, decreased from bulk 220 K. Room temperature ferromagnetic 
monolayers have been achieved with epitaxially grown VSe2/HOPG and MnSex/GaSe.
55,58 
Magnetic anisotropy has been controlled with CrCl3−xBrx,
56 and XXZ-type antiferromagnetism has 
been demonstrated on monolayer NiP3.
57 
The library of 2D magnetic materials greatly expands our understanding on magnetism in 
low-dimensional systems. They also hold promises on diverse applications as well as interfacial 
engineering using 2D heterostructures.52,59 However, there is still a demand for new 2D magnetic 
materials due to limitations on the existing materials, which includes strong air, moisture, and light 
sensitivity, lack of semiconducting material, and unavailability of high 𝑇𝐶 in free-standing forms. 
1.4 Overview of the Dissertation 
This dissertation aims to present experimental projects that have illuminated unique properties of 
2D superatomic solids and 2D magnetic semiconductors. Chapter 2 provides sample preparation 
and experimental techniques with their underlying principles. Chapter 3 discuss structural control 
of a superatomic solid [Co6Se8(PEt2phen)6][C60]5 via photopolymerization. Chapter 4 concerns 
optical characterizations of 2D superatomic semiconductors Re6Se8Cl2 and Mo6S3Br6. Chapter 5 
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demonstrates detection of hierarchical coherent phonons of Re6Se8Cl2 that stems from its 
hierarchical structure. Chapter 6 examine magnetic orderings in CrSBr, a 2D ferromagnetic 
semiconductor, and how to probe them with nonlinear spectroscopies. Lastly, chapter 7 




2 Methods and Principles 
To explore and demonstrate unique characteristics of 2D superatomic and magnetic materials, 
experiments must be carefully designed and conducted. This chapter overviews the experimental 
principles that constructs this thesis. The first part will describe how the samples are prepared, and 
focus on how 2D crystals are exfoliated and characterized. The latter part will discuss various 
spectroscopies employed to investigate properties of 2D materials. 
2.1 Exfoliating 2D Crystals 
Preparation of 2D materials could be achieved by top-down and bottom-up approaches. The top-
down method starts from bulk layered crystal which is exfoliated down to monolayers. One of 
such method is micromechanical exfoliation, where a layered crystal is repeatedly peeled with an 
adhesive tape and transferred to a substrate to yield monolayers and thin films.1,65 This method is 
responsible for the discovery of graphene,1,2 as well as h-BN,66,67 TMDCs,13,14 black phosphorus, 
and many more. The approach yields high quality samples, while the size and the number of 
monolayers are often limited. 
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Typically, silicon (100) substrates with 300, 285, or 90 nm thermal oxide are used as optical 
contrast from interference makes monolayer more visible and identifiable,68 while the method is 
not limited to specific surfaces and can be utilized for arbitrary substrates including silicon, BK-7, 
fused silica, quartz, zinc selenide, PDMS or PMMA polymer, etc. Silicon oxide surfaces are 
typically cleaned with oxygen plasma right before exfoliations. If there are visible contaminations 
that cannot be removed with oxygen plasma, RCA or piranha cleaning can be used beforehand. 
Bulk crystals are place on a strip of scotch tape. The tape is folded and peeled repeatedly to make 
crystals thinner and to reveal fresh surfaces. Consequently, substrates are added and gently pressed 
to ensure good contacts. Once the tape is removed from the substrates, monolayers are searched 
and characterized using microscopes. In case the material is thermally stable, heat mediated 
exfoliation can be used to produce larger area monolayers by heating the substrates to 80~100 °C 
during transfer process.69 
 
Figure 2.1. Illustrated procedure of scotch-tape micromechanical exfoliation of 
graphene from highly ordered pyrolytic graphite (HOPG). Adapted with permission 
from ref. 65. Copyright 2015, Royal Society of Chemistry. 
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Alternatively, scalable monolayers can be produced with liquid exfoliation. Monolayers in 
a layered crystal can be exfoliated by finding a solvent whose surface tension matches the surface 
energy of the layered materials.70 Separation of monolayers can be assisted by intercalation of ions, 
which reduces the energy requirement to separate layers.71 Once the monolayers are dissolved and 
suspended in solvents, the solution can be transferred to an arbitrary substrate, cleaned, and 
characterized.72 
2.2 Sample Characterizations 
Once samples of 2D materials are prepared, they need to be characterized to determine lateral size, 
thickness, quality, composition, and potential byproducts. Characterization techniques include 
optical microscope, atomic force microscopy (AFM), transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), electron diffraction, energy-dispersive X-ray spectroscopy 
(EDS), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, etc. 
2.3 Absorption Spectroscopy 
Absorption spectroscopy measures how much of light is absorbed by a given material at different 
wavelengths. The absorption spectrum can provide basic and crucial information on how the 
material interact with light and help us understand material properties including material color, 
band gap, exciton binding energy, index of refraction, dielectric constants, etc. There are diverse 
types of absorption spectroscopies available depending on material form and size, and photon 
wavelength range. This section will focus on how to obtain absorption spectra of solid-state 
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materials in visible/near-infrared range, especially thin film and 2D material samples with 
microscopic dimensions. 
Figure 2.2 shows a schematic setup of microscopic reflectance and transmittance 
measurement setup. Tungsten-halogen sources are used to achieve broadband spectrum in 400-
1600 nm range. Collimation is achieve using spatial filters with a lens-pinhole-lens design or two 
pinholes with decent separations, and yield ~2 µm spot size on both transmission and reflections 
paths. Smaller spot size closer to diffraction limits could be achieved at reduced light intensity. 
Sample is placed on a substrate for a support. Typical choices of the substrates include silicon, 
silicon with thermal oxides, BK7, fused silica, α-quartz, sapphire, ZnSe, gold, etc. Converting 
reflectance and/or transmittance spectra is the simplest when interference does not exist in the 
sample, which happens when the substrate does not have a stratic structure and the sample is either 
thin enough (< 10 nm) or thick enough (> 100 µm). 
 
Figure 2.2. Schematic of microscopic white light reflectance/transmittance 
setup. 
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Let us first consider when sample is very thin, by assuming a three-level system where a 
thin film of sample is sitting on top of a substrate in an ambient environment. If we assume 
ambience to be transparent and denote 𝜀1, 𝜀2̂, 𝜀3̂ as dielectric constants of the ambience, the sample, 
and the substrate, respectively, differential reflectance between the sample and the substrate can 











where 𝛥𝑅/𝑅 is differential reflectance, 𝑑 is sample thickness, and 𝜆 is photon wavelength. Note 
that this equation is an approximation only valid when 𝑑 ≪ 𝜆. If we further assume that 𝑛1 = 1 









where 𝑛 is index of refraction of the sample and 𝑛0 is index of refraction of the substrate. This 
method is advantageous that it works very well for 2D materials and the measurement is simple, 
but cannot obtain spectra for bulk materials without quantum confinement effects and with 
substrates with interferences. 
For intermediate thickness, thin film interference between top and bottom surfaces of a 
samples makes equation (2.2) unusable. One approach to address the interference is to obtain two 
separate measurements. With three-level system with complex indices of refraction of 𝑛0, 𝑛1 +
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(2.4) 
Assuming that 𝑛0, 𝑛2, 𝑘2  for each wavelength and 𝑑  is known, two separate measurements of 
reflectance and transmittance can be used to numerically calculate 𝑛1, 𝑘1 of the sample at each 








When two independent measurements are not available, an alternative method is to model 
dielectric constants from a single reflectance spectrum. This method is possible as real and 
imaginary parts of dielectric constant are not independent but related to each other by Kramers-
Kronig relations:51,76-78 
 
























where 𝜀1  and 𝜀2  are real and imaginary parts of the dielectric constant and 𝜎DC  is the DC 
conductivity. One approach here is to numerically convert reflectance to dielectric constants using 
complex reflectivity 𝑟:  
 𝑟 =
1 − 𝑛 − 𝑖𝜅
1 + 𝑛 + 𝑖𝜅
= √𝑅𝑒𝑖𝜃 (2.7) 
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where 𝑛  is index of refraction, 𝜅  is extinction coefficient, 𝑅 = |𝑟|  is reflectivity at normal 
incidence, and 𝜃  is phase shift upon reflectance. Using ln 𝑟 = ln√𝑅 + 𝑖𝜃 , 𝑅  and 𝜃  following 
Kramers-Kronig relation of 










𝜃 and 𝑟 can be numerically calculated and produce 𝑛 + 𝑖𝜅 = (1 − 𝑟)/(1 + 𝑟). However, limited 
spectral window of reflectivity spectrum causes calculation of 𝜃 through Kramers-Kronig relation 
inaccurate and back-calculation of 𝑅 inconsistent with original data. 
Instead, we could use oscillator models to have Kramers-Kronig constrained functions for 
𝜀1 and 𝜀2, and vary the oscillator parameters to fit the experimental data.
79 Dielectric functions 
could be parametrized with Drude-Lorentz oscillators 








with each oscillator is controlled by three parameters of oscillator frequency 𝜔0,𝑘, linewidth 𝛾𝑘, 
and plasma frequency 𝜔𝑝,𝑘 .Lower frequency contributions from free carriers are described by 
Drude terms with 𝜔0,𝑘 = 0, and high frequency contributions is described with 𝜀∞, which could 
be a constant or frequency dependent depending on models. Variational fitting on top of modeling 
can be achieved by setting up a mesh of narrow oscillators.  























with 𝛾𝑖 = (𝜔𝑖+1 − 𝜔𝑖−1)/2 . One drawback of this approach is that good fit with Lorentz 
oscillators is challenging to achieve near optical gap as long low-frequency tail. Alternatively, 
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where 𝑔(𝑥, 𝑦) = (𝑥 + 𝑦) ln|𝑥 + 𝑦| + (𝑥 − 𝑦) ln|𝑥 − 𝑦|. Since individual triangular oscillators do 
not pertain any physical implications, total dielectric function described with the oscillator is used 
for further analysis. 
Lastly, it is typical for monolayer samples to be prepared on silicon substrates with a certain 
thickness of thermal oxide to improve contrast. In such case, interference from substrate must be 
 
Figure 2.3. Dielectric functions of (a) Lorentz, (b) triangular, and (c) 
rectangular oscillator shapes. Adapted with permission from ref. 79. Copyright 
2005, AIP Publishing. 
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additionally considered. In a four-level system with complex indices of refraction to be 𝑛0, 𝑛1, 𝑛2, 
and 𝑛3 for the ambience, sample, silicon oxide, and silicon, respectively. The total reflectance 
is80,81 










with 𝑑1 and 𝑑2 are the thicknesses of the sample and the silicon oxide, and 𝑘1 = 2𝜋𝑛1/𝜆 and 𝑘2 =
2𝜋𝑛2/𝜆 . Experimental reflectance spectrum can be fitted using Kramers-Kronig constrained 
analysis described above. For more complicated systems, transfer matrix method must be used to 
build a function of reflectance.74,82 
2.4 Photoluminescence Spectroscopy 
Photoluminescence is an emission of light from a material after optical excitation. After initial 
excitation, electric charges relax to energetic local minima in the electronic excited state before 
recombining to emit a photon at lower energy. In a crystalline solid state material, such transition 
happens between conduction band minimum and valence band maximum (Figure 2.4a). However, 
this description is insufficient to portray the full picture. In a solid-state material, an electron and 
a hole created due to a photoexcitation experience Coulomb interaction from each other and form 
a hydrogen-like quasiparticle called an exciton. 
Figure 2.4b,c shows exciton dispersions for direct and indirect gap materials, which inherits 
momentum offsets from the band structure. Additionally, exciton shows hydrogen-like Rydberg 
series with its own principal quantum number. Most of the PL spectrum originates from exciton 
recombination at its ground state. Assuming the charge carriers are below Mott density to allow 
formations of exciton, peak position of PL corresponds to band gap subtracted by exciton binding 
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energy and Stokes shift from phonons. Note that peak position of PL does not change significantly 
with different pump fluence as the effects of band renormalization and decrease in exciton binding 
energy from increased dielectric function from dielectric shielding from charge carriers cancels 
out each other.83 
Experimental schematics of microscopic PL spectroscopy is shown in Figure 2.5. Longpass 
dichroic mirror is used to reflect excitation laser while allowing PL spectrum at longer wavelengths 
to transmit. Additional longpass filters are used to filter out excitation laser which could saturate 
camera if left unfiltered. Silicon camera is used for resolving spectrum in 1.2 – 3.0 eV region, and 
InGaAs camera is used to detect 0.75 – 2.0 eV region. Confocal microscopy can be achieved by 
placing a pinhole at the image plane, and angle-resolved PL by placing a pinhole at the Fourier 
plane. PL mapping can be realized by moving the pinhole or the sample using motorized stages. 
 
Figure 2.4. (a) Dispersions of conduction band (CB) and valence band (VB). 
(b,c) Diagrams of exciton dispersion for (b) direct gap and (c) indirect gap. Adapted 
with permission from ref. 84. Copyright 2007, Springer Nature. 
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Figure 2.5. Schematic of a photoluminescence (PL) microscopy setup. 
2.5 Raman Spectroscopy 
When light scatters with a material, most of the photons scatter elastically through Rayleigh 
scattering without any change in their energy. On the other hand, some photons scatter inelastically 
by interacting with phonons or vibrational modes of the material and loose or gain frequencies 
corresponding to the vibrational energy, which is called Raman scattering (Figure 2.6). Raman 
spectroscopy provides us crucial information on Raman active phonon modes in materials and 
their relation to the material symmetry. Additionally, Raman spectroscopy is a useful to 
characterize materials with their unique vibrational signatures. Note that while Raman scattering 
does not require to have a resonant state upon excitation, its Raman cross-section increase 
significantly if there is a resonant state present. When exciting with laser above band gap, 
excitation energy must be carefully chosen to avoid overlap of Raman peaks with 
photoluminescence which can easily overwhelm the Raman signals. 
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Figure 2.6. Schematics of (a) Rayleigh, (b) Stokes, and (c) anti-Stokes 
scatterings. 
Typical Raman microscopy setup is similar to that of photoluminescence spectroscopy. 
The differences are that dichroic mirror and filters with sharper edges are required, and bandpass 
filter is added after laser to purify the excitation source. However, this approach can be challenging 
to resolve peaks below 100 cm-1 due to large Rayleigh scattering and limited filter performances. 
When Raman peaks with much smaller frequencies are needed to be resolved, low-frequency 
Raman setup using Bragg grating filters can be used to push the limit down to 7 cm-1. Figure 2.7 
shows a schematic for low-frequency Raman microscopy setup. Reflective bandpass and notch 
filters are Bragg gratings designed to reflect very narrow bandwidth of frequencies. A reflective 
bandpass filter is first used to narrow the bandwidth of excitation laser. Notch filter placed before 
the objective serves as a dichroic mirror between excitation and Raman scatterings. Two additional 
notch filters are used to further filter out Rayleigh scatterings. Achromatic half wave plate is used 
to control polarizations of incident and scattered lights, and a combination of half waveplate and 
a polarizer resolved either parallel or cross polarization of Raman spectra. 
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Figure 2.7. Schematic of a low-frequency Raman microscopy setup. 
2.6 Transient Absorption and Coherent Phonon Spectroscopies 
Transient absorption (TA) spectroscopy is a type of pump-probe spectroscopy using white-light as 
a probe (Figure 2.8). It measures change in absorption spectrum before and after pump pulse, and 
provides useful information on how charges in excited state evolves over time, which can be 
obtained by analyzing excited state absorption and bleaching spectrum. This approach works well 
for solution and thin film samples, but is often disadvantageous for solid state bulk crystals as the 
material becomes opaque above its optical gap. In such case, transient reflectance spectroscopy is 
performed by collecting reflected probe from the sample surface. 
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Figure 2.8. Schematics of transient absorption spectroscopy. Adapted from ref. 
85. 
If the pump pulse width is sufficiently shorter than periods of vibrational modes in the 
material, coherent phonons or vibrations can be launched which causes macroscopic oscillation in 
time-resolved absorption and reflectance spectra.86,87 The measurement has advantage to study 
lattice vibrations while ignoring Rayleigh scatterings, and provide useful information in lattice 
vibrational dynamics and electron-phonon couplings. More detailed descriptions on coherent 
phonon generation mechanisms and their applications are included in chapter 5. 
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2.7 Second and Third Harmonic Generations 
Second harmonic generation (SHG) is a nonlinear spectroscopy where two photons of incident 
pump is combined through a nonlinear medium with a non-zero second order susceptibility to 
produce a photon twice the initial energy and frequency (Figure 2.9a). SHG is a special case of 
sum-frequency generation (SFG) where two photons to combine are different in frequencies. 
Similarly, third harmonic generation (THG) combines three photons of the same energy to 
generate a photon with three times the energy (Figure 2.9b). 
 
Figure 2.9. Schematics of (a) SHG and (b) THG processes. 
Both SHG and THG are extremely useful tools to study material symmetries, as their 
conversion efficiencies depends heavily on point groups of nonlinear media and their 
configurations relative to incident polarizations. Especially for SHG, its efficiency is zero for 
centrosymmetric materials and it will only be observable when inversion symmetry of a material 
is broken. For example, MoS2 and h-BN insignificant amount of SHG in bulk due to their 
centrosymmetries, but at the monolayer limits they exhibit strong SHG intensities as the centers 
of inversion disappear, and show six-fold symmetry due to their material point group of D3h (Figure 
2.10).24 Additionally, intensity and direction of material strain on MoS2 monolayer can be probed 
with SHG and THG mapping.88 
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Figure 2.10. (a) Structure of repeating two-layer units in 2H-MoS2. (b) SHG intensities for MoS2 
monolayer and bulk. (c) Polar plot of SHG intensity of MoS2 monolayer as a function of angle of 
incident polarization with respect to crystalline lattice. Parallel (red) and perpendicular (blue) 
components from the fundamental are shown. Adapted with permission from ref. 24. Copyright 
2013, American Chemical Society. 
 
Figure 2.11. Schematics of SHG/THG microscopy setups, with (a) an achromatic half wave 
plate between the dichroic mirror and the objective and (b) rotating zero-order half waveplates 
before and after the dichroic mirror. 
To study material symmetry with SHG and THG, it is crucial to control input and output 
polarizations. Parallel and cross polarizations are typically used as shown in Figure 2.10c. 
Experimental schematics to achieve this requires rotating half waveplate to control polarizations 
(Figure 2.11). Design a has an advantage that it can ignore polarization dependent reflectance of 
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the dichroic mirror, but the waveplate has to be broadband to cover both fundamental and output 
which is twice or three times higher in frequency. Another half wave plate at the polarizer before 
photomultiplier tube (PMT) detector can be rotated to choose between parallel and cross 
configurations. Design b can be alternatively used to control input and output polarizations 
independently with two rotating waveplates. Shortpass and bandpass filters are placed to filter out 
fundamental and any unwanted frequencies of light. 









 is a polarization of SHG, 𝐸𝑗 , 𝐸𝑘  are electric fields of two incident photons to be 
combined, and 𝜒: is a 3rd rank 3×3×3 second-order nonlinear susceptibility tensor. Polarization 
induced in the material from the second order process becomes a source of emission at double the 
frequency. Since the two incident photons in SHG are from the same source, of the same frequency, 
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Let 𝑧  be the direction of propagation for incident pump, and 𝑥  be a direction of reference 
perpendicular to 𝑧. Since electric fields of incident lights will be in 𝑥𝑦 plane, their amplitudes in 
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𝑥  and 𝑦  directions can be described as 𝐸𝑥(𝜔) = 𝐸(𝜔) cos 𝜃  and 𝐸𝑦(𝜔) = 𝐸(𝜔) sin 𝜃 . 
Throughout this thesis, we shall assume that we detect SHG only in a back-scattering geometry, 
where incident fundamental and output SHG are in the same line but propagates in the opposite 
directions, which is common in microscopic setups. The assumption allows us to ignore any 
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Lastly, polarizations in 𝑥  and 𝑦  directions need to be converted back to parallel and cross 
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The second-order susceptibility tensor is material specific and is dependent on material symmetry, 
orientation, and photon frequencies, and hence will be discussed more in detail in Chapter 6. 
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3 Exfoliation of 2D Fullerene Assembly 
from Superatomic van der Waals 
Template 
Traditional “atomic” 2D materials are commonly isolated from layered van der Waals solids 
exhibiting strong in-plane bonding and comparatively weak interactions between the layers. 
Assembling molecular building blocks into “synthetic” 2D materials offers exciting opportunities 
for tuning the material properties through chemical design and for discovering new behaviors.90-92 
The assembly of such material is a major synthetic challenge, with only a few reported examples 
that include 2D covalent organic frameworks93-96 and metal organic frameworks.97,98 In this 
chapter, we describe a new 2D carbon material assembled from C60 building blocks that are 
covalently linked. The nanomaterial is formed by polymerizing a layered van der Waals molecular 
solid assembled from the molecular cluster Co6Se8(PEt2phen)6 and C60, and thereafter dissolving 
the supporting molecular template. This chapter is adapted with permission from ref. 99. Copyright 
2018, John Wiley and Sons. I have contributed to this project with photopolymerization, 
exfoliation, and optical characterizations. Dr. Bonnie Choi synthesized starting superatomic 
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crystal. Maria Paley conducted time-dependent Raman spectroscopy. Dr. Ilan Jen-La Plante 
performed transmission electron microscopy and electron diffraction measurements. 
3.1 Introduction 
C60 is an attractive building block for creating synthetic 2D structures due to its remarkable 
optoelectronic, magnetic, chemical and superconducting properties. While pristine C60 solid has a 
band gap of 2.3 eV,100 theoretical studies on both polymeric and van der Waals C60 monolayers 
predicted band gaps of 0.58 1.01 eV,101-104 lower than that of any experimentally isolated 
monolayer semiconducting materials.105 Additionally, the band gap of the 2D van der Waals C60 
crystal is predicted to be tunable by controlling symmetry of the structure and by straining the 
monolayer to adjust intermolecular distances.103,104,106,107 Monolayers of C60 have been prepared 
through carefully controlled vapor growth or on chemically modified surfaces, such as on metal 
substrates108-111 and in self-assembled monolayers,112-114 but there does not seem to be a realistic 
 
Figure 3.1. Schematic of the exfoliation process of 2D van der Waals crystals 
[Co6Se8(PEt2phen)6][C60]5. Fullerene and cluster molecules self-assemble in solution to form the 
superatomic template. Photopolymerization of fullerene layers enhances mechanical strength of 
the layers and allow exfoliations. Cross-linked crystals are liquid exfoliated and transferred onto 
substrates for characterization. 
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chance to remove such monolayers from the substrate and handle them as isolated free-standing 
structures. The fabrication of free-standing 2D C60 materials has remained an elusive goal. 
The recent discovery of superatomic crystals combining C60 and molecular clusters
38,47,115 
has opened the door to a new approach to preparing 2D materials from preformed nanoscale 
building blocks. Choi et al. reported a layered van der Waals solid self-assembled from a structure-
directing superatom and C60.
45 Mechanical exfoliation of this solid was demonstrated but the 
intralayer interactions were too weak to allow isolation of free-standing monolayers or few layers 
of the material. Here we overcome this key obstacle by photo-converting the superatomic template 
into a 2D covalent network of C60, allowing us to isolate a new type of free-standing 2D C60 
crystalline structure. Once formed, the films can be transferred to different substrates and 
depolymerized to form 2D van der Waals assemblies of fullerenes (Figure 3.1).
The layered van der Waals solid [Co6Se8(PEt2phen)6][C60]5 (phen = 9-ethynlphenanthrene, 
Figure 3.2) is assembled from preformed Co6Se8(PEt2phen)6 and C60 as previously reported.
45 The 
six PEt2phen ligands on each clusters reorganize at self-assembly to form two buckybowls that can 
host C60s by van der Waals interactions in solid state (Figure 3.3a,b). Figure 3.3c shows the crystal 
structure of this compound, which contains alternating layers of close-packed C60, termed fullerene 
 
Figure 3.2. Diethyl(9-ethynlphenanthrene)phosphine (PEt2phen). Adapted with 
permission from ref. 45. Copyright 2016, American Chemical Society. 
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layer (FL), and [Co6Se8(PEt2phen)6][C60]2, termed cluster layer (CL). As-grown crystals typically 
have 10 100 µm lateral dimensions. Our synthetic strategy is to photopolymerize FL into a 
covalently linked sheet and thereafter dissolve the molecular template to produce molecular-thin 
2D materials. Photopolymerization of bulk C60 into disordered 3D networks is a well-established 
reaction116-118 but to the best of our knowledge, it has never been used to form isolable 2D polymers 
of C60. 
3.2 Photopolymerization of Fullerenes 
Photopolymerization of C60 is well-understood topic since its discovery by Rao et al.
116 In the 
report, 100 – 500 nm film of vacuum-deposited C60 was irradiated by UV light from a mercury-
 
Figure 3.3. Structural configuration of Co6Se8(PEt2phen)6 clusters (a) before 
and (b) after self-assembly with C60. (c) SCXRD structure of as-grown 
[Co6Se8(PEt2phen)6][C60]5 crystal. Figures adapted with permission from ref. 45. 
Copyright 2016, American Chemical Society. 
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arc lamp. When a molecule of C60 absorbs a photon in the ultraviolet range, it goes through an 
effective intersystem crossing to turn into a triplet state. C60 molecule in a triplet state can go 
through [2+2] cycloaddition reaction with an adjacent C60 molecule to polymerize.
118 As a result, 
any source of light that can be absorbed by C60 is enough to initiate photopolymerization of 
fullerene films, including laser sources such as 532 nm Nd:YAG or 488 nm Ar-ion, but Hg-arc 
lamp is a popular choice due to its intense illumination in UV range. Additionally, triplet states 
could be effectively quenched in the presence of oxygen in the fullerene film. In addition to 
conducting photopolymerization in an inert atmosphere, fullerene samples that have been stored 
in air for a prolonged time needs to be heated to remove oxygen molecules sitting within the lattices. 
Another import factor is temperature. [2+2] cycloaddition between fullerene molecules can 
only occur when the two molecules can find optimal geometric configuration between the bonds 
to form a four-carbon ring.118 C60 film must be above 250 K for the molecules to freely rotate and 
to be photopolymerized under UV irradiation. On the other extreme, fullerene polymer will 
 
Figure 3.4. (a) A schematic of a photopolymerization setup. Crystals must be 
placed in a gas-tight cell in an inert atmosphere to prevent oxygen from quenching 
photopolymerization reaction of C60 molecules. Color-glass filter is used to absorb 
IR light to prevent the crystals from heating up. (b) Schematics of liquid exfoliation 
process. 
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spontaneously depolymerize above 350 K. For the photopolymerization to be successfully achieve 
the temperature must be maintained between 250 and 350 K.119 
We load single crystals of [Co6Se8(PEt2phen)6][C60]5 in a gas-tight cell with a quartz 
window under nitrogen and irradiate them through the window with 1 W 532 nm continuous-wave 
Nd:YAG laser or with a Hg-arc lamp for 5-10 days (Figure 3.4). The irradiation polymerizes close-
packed C60 molecules in the crystal, converting FL into well-separated monolayers of polymerized 
C60. We use Raman spectroscopy to confirm this result. Previous studies of bulk C60 
photopolymers have shown that the A2g pentagonal pinch mode of C60 broadens and shifts from 
1469 to 1460 cm-1 upon photopolymerization.119 By using 532 nm laser for both Raman scattering 
and in-situ photopolymerization, we observe C60 pentagonal pinch mode shifting from 1469.4 cm
-1 
to 1460.0 cm-1 over a period of ~80 min (Figure 3.5). In the time-dependent series of Raman 
spectra, the shift is the greatest at the beginning and subside over time as C60 polymerization 
saturates. More importantly, the spectrum upon saturation of polymerization is a superposition of 
two peaks at 1469.4 cm-1 and 1460.0 cm-1. In [Co6Se8(PEt2phen)6][C60]5, there are two types of 
C60’s: the ones in FL are close enough from each other (9.65 – 9.94 Å) to polymerize in 2D, while 
the ones in CL will not react as the intra-CL (11.73 Å) and inter-CL/FL (10.87 Å) separation is 
too large. Thus, we observe two peaks in the Raman spectrum: 1460.3 cm-1 for 2D polymerized 
fullerenes in FL, and 1469 cm-1 for molecular C60 in CL. While the time dependent change in 
Raman spectra stagnates in a matter of hours, full saturation of inter-C60 bonds in C60 photopolymer 




Figure 3.5. Time-dependent Raman spectra of C60 A2g pentagonal pinch mode 
in bulk [Co6Se8(PEt2phen)6][C60]5 crystal. The directions of arrows indicate 
change in Raman spectra over time, showing photopolymerization of C60 upon 
illumination. 
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3.3 Exfoliation and Characterizations 
After photoconversion, the irradiated sample remains crystalline, as determined by PXRD (Figure 
3.6a), but its solubility changes when compared to the pristine sample. Whereas crystals of 
[Co6Se8(PEt2phen)6][C60]5 readily dissolve in toluene, stirring the irradiated crystals in toluene 
produces a brown solution with a dark-brown suspension, suggesting the presence of extended 
assemblies resulting from polymerization; these extended assemblies can be isolated by 
centrifugation after a series of toluene rinses (Figure 3.6b,c). PXRD pattern of photopolymerized 
[Co6Se8(PEt2phen)6][C60]5 shows the retention of intense low angle peaks around 6.7°. This 
 
Figure 3.6. (a) Powder x-ray diffraction spectra for as-grown [Co6Se8(PEt2phen)6][C60]5 
crystals and crystals which were photopolymerized and rinsed with toluene. (b) Color of toluene 
during initial rinsing step after polymerization. (c) Color of toluene at fourth rinsing step. 
 
Figure 3.7. (a) Schematics of liquid exfoliation process. (b) Optical image of a crystal that has 
gone through a diffusion-driven liquid exfoliation, leaving the bottom-most layer on the substrate 
(1) as the parent crystal is displaced (2). (c) Cartoon of a proposed structure of 5 nm thick 
nanosheets. Grey spheres of C60 are polymerized in layers. C60’s in blue color are not polymerized. 
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observation motivated us to explore solvent-induced exfoliation of photopolymerized crystals 
supported by a solid substrate. First, we drop-cast the irradiated crystals onto a SiO2/Si substrate 
which we subsequently submerge in toluene for 24 hrs. (Figure 3.7a). Figure 3.7b shows how 
nanosheets are transferred to the substrate as the bottommost layer of the crystal adheres to the 
surface (arrow 1) and the bulk crystal is displaced (arrow 2). Our characterization results presented 
below indicate that these nanosheets are in fact two monolayers of polymerized C60 sandwiching 
one [Co6Se8(PEt2phen)6][C60]2 layer (Figure 3.7c). 
Figure 3.8 displays a representative atomic force microscopy (AFM) image of the flakes 
deposited of the surface. These flakes are 5 nm thick, with smooth surfaces. They are resistant to 
dissolution in solvents such as toluene, acetone, and ethanol, and do not show any change in AFM 
over months when stored under ambient conditions. In the AFM image, we observe regions that 
are 10 nm in height; presumably these are smaller pieces of the same 2D material sitting on top of 
the flake. The 5-nm thickness of the flakes and the presence of a peak at 1460 cm-1 in the bulk 
Raman spectrum suggests that they are not simply monolayers of polymerized C60. Comparing the 
thickness of the flakes to the crystal structure of [Co6Se8(PEt2phen)6][C60]5, we hypothesize that 
the 2D materials are in fact sandwich structures of FL/CL/FL. SCXRD data collected at 100 K in 
pristine crystals indicate that the sandwich structure should possess a thickness of ~3.6 nm in the 
 
Figure 3.8. (a) AFM image of an exfoliated nanosheet transferred to a SiO2/Si 
substrate. (b) Height profile of the highlighted in white portion in (a). 
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bulk. As we show below, the increased thickness of the FL/CL/FL sandwich in the polymerized 
2D crystals can be attributed to buckling from polymerization. 
We use transmission electron microscopy (TEM) and selected area electron diffraction 
(SAED) to gain a deeper understanding of the 2D nanosheet structure. Figure 3.9a,b shows a TEM 
 
Figure 3.9. (a) TEM image of a flake exfoliated on a TEM grid with carbon 
supporting films. (b) SAED pattern of the flake. (c) High angle annular dark field 
(HAADF) image of an exfoliated nanosheets. (d-f) EDX elemental mapping of the 
nanosheet. The image shows elemental maps for Co, Se and P, which comprise the 
Co6Se8(PEt2phen)6 cluster. 
 
Figure 3.10. (a) High resolution TEM of FL/CL/FL nanosheets. (b) FFT image 
of (a). (c) Electron diffraction of a different sample. 
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micrograph and SAED pattern of a nanosheet. SAED patterns from different samples consistently 
index to a rhombohedral lattice with a lattice parameter ranging from 16.4 to 17.2 Å. This 
corresponds to a centroid-to-centroid C60–C60 distance of 9.47-9.93 Å, slightly shorter than the 
corresponding distance of 9.65-9.94 Å measured by SCXRD in the pristine 
[Co6Se8(PEt2phen)6][C60]5.
45 Similar distances are obtained from high resolution TEM and Fast 
Fourier transform (FFT) (Figure 3.10). The decrease in the separation is consistent with the 
formation of inter-C60 covalent bonds within the nanosheets.
121 Moreover, we note that these 
distances are measured from SCXRD and SAED data collected at 100 K and room temperatures, 
respectively, implying that the difference might be even larger. The range of lattice parameter 
suggests varying degrees of polymerization across multiple flakes, presumably the result of 
different irradiation doses. 
Energy-dispersive x-ray spectroscopy (EDX) is used to analyze the elemental composition 
of the exfoliated 2D nanosheets and verify that they contain Co6Se8(PEt2phen)6 as in our proposed 
structure. The Co:Se:P stoichiometric ratio obtained by quantitative analysis of the 2D nanosheet 
elemental mapping (Figure 3.9d-f) is 1:1.47:0.61, in good agreement with the expected the 
composition of Co6Se8P6. The lower P content may be due to phosphine ligands dissociating under 
the electron beam in UHV conditions. 
3.4 Reflectance Spectroscopy 
To determine the optical gap of this material, we measure the reflectance infrared spectra of 
multiple exfoliated flakes on ZnSe substrate using Fourier transform infrared (FTIR) microscopy. 
We avoided using a gold substrate as it can affect electronic properties of materials placed on it. 
Figure 3.11 displays reflectance contrast of a nanosheet and Tauc plot calculated from it. The 
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spectrum reveals linear dependence between √𝛼ℏ𝜔 and photon energy, which is indicative of an 
indirect optical gap of 0.25 ± 0.10 eV gap. The measured value is 0.14 eV smaller than the 0.39 
eV optical gap reported for bulk [Co6Se8(PEt2phen)6][C60]5. We attribute the difference to shorter 
intermolecular distances in the 2D structure, resulting from polymerization. The decrease in C60-
C60 distance would enhance coupling between C60s and reduce the gap, which is consistent with 
previous studies.103 The observation that the optical gap is not widening as we approach the 2D 
limit of the material suggests that the C60 layers in the parent structure are electronically decoupled 
from each other. 
3.5 Thermal Depolymerization 
Motivated by previous reports of temperature-induced depolymerization of bulk C60 
photopolymers,122 we demonstrate that it is possible to depolymerize the 2D nanosheets. The 
parent compound [Co6Se8(PEt2phen)6][C60]5 is stable up to 520 K, as determined by 
thermogravimetric analysis; we thus heat the exfoliated nanosheets supported on a Si/SiO2 
substrate to 450 K for 1 h to induce the depolymerization. Figure 3.12 shows AFM images and 
 
Figure 3.11. (a) Reflectance contrast spectrum of a nanosheet exfoliated on 
ZnSe. The inset shows an AFM image of the flake. (b) Tauc plot for indirect 
transition of (a). The x-intercept of the linear fit indicates a ~0.25 eV indirect gap. 
(*) and (**) denote responses from moisture and CO2 in air, respectively. 
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corresponding height profiles of a flake before (a,c) and after (b,d) the thermal treatment. This 
analysis reveals that the thickness of the flake decreases from 4.9 to 3.3 nm as a result of the 
thermal treatment. The thickness after depolymerization agrees well with the predicted height of 
the FL/CL/FL sandwich structure in the pristine [Co6Se8(PEt2phen)6][C60]5. The change in 
thickness strongly suggest that polymerization of C60 is responsible for the increase in thickness 
relative to the bulk. Presumably, the formation of inter-C60 covalent bonds produces tensions 
within each C60 monolayer forcing the structure to expand along the c-axis. Heating the 
polymerized 2D material breaks these bonds, allowing the structure to relax back to its original 
packing. 
 
Figure 3.12. (a,b) AFM images of a 2D nanosheet (a) before and (b) after thermal 
treatment at 450 K. (c,d) Height profiles of highlighted portions in (a,b) 




In summary, we have demonstrated that the layered crystal [Co6Se8(PEt2phen)6][C60]5 can be used 
as a template to create a 2D C60-based material. Photopolymerization of the C60 layers in the parent 
compound enhances the intralayer mechanical strength and enables solvent-induced exfoliation. 
The resulting 2D material is a trilayer sandwich structure of C60 and Co6Se8(PEt2phen)6 whose 
structure is closely related to that of the parent compound. The optical gap of 0.25 eV is slightly 
narrower than that of the parent compound. Moreover, the covalent structures can be 
depolymerized via thermal annealing. With a diverse choice of building blocks to create crystalline 
templates, this work opens an exciting new synthetic path to assemble 2D materials with tunable 




4 Optical Properties of 2D Superatomic 
Semiconductors 
4.1 Introduction 
Constructing solid state materials using superatomic clusters as building blocks enable us to 
control structures and properties of bulk crystals. Such capability has motivated us to explore 2D 
superatomic materials with layered structures, and materials like [Co6Se8(PEt2phen)6][C60]5 and 
[Co6Te8(P
nPr3)6][C60]3 have successfully demonstrated.
44,45,99 However, weak electronic coupling 
between the constituent superatomic clusters result in fragile mechanical property, low electronic 
conductivity, and limited application as 2D materials. Instead of achieving crystalline structure 
from self-assembly of molecular clusters, we employ solid-state chemistry to produce a network 
of superatomic units covalently connected with each other. This chapter discusses two of such 
materials, Re6S8Cl2 and Mo6S3Br6. Results and discussions described in this chapter has been 
reported in ref. 49, 123, and 50. Section 4.2 and 4.3 are adapted with permission from ref. 49 and 
123. Copyright 2018, 2019, American Chemical Society. Section 4.4 and 4.5 are adapted with 
permission from ref. 50. Copyright 2019, John Wiley and Sons. I have contributed to the 
manuscripts with micromechanical exfoliations, AFM, and optical spectroscopies. Dr. Bonnie 
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Choi synthesized Re6S8Cl2 and Mo6S3Br6 crystals. Dr. Xinjue Zhong performed scanning 
tunneling microscopy and spectroscopy (STM/STS). Dr. Daniele Meggiolaro conducted DFT 
calculations of electronic band structures of Re6S8Cl2 and Mo6S3Br6. 
4.2 Optical Transitions in Re6Se8Cl2 
 
Figure 4.1. (a) Side view (top) of the ab plane and top view (bottom) of Re6Se8Cl2 lattice. Rhenium is 
red, selenium is blue, and chlorine is green. (b) Optical images of bulk Re6Se8Cl2 crystals. (c) AFM 
images of micromechanically exfoliated Re6Se8Cl2. 
The basic superatomic unit consists of a Re6 octahedron circumscribed in a Se8 cube, and 
capped with two Cl in the trans-configuration. The Re6Se8Cl2 units are interconnected with two 
covalent Re–Se bonds to form 2D sheets, which stack to create the 3D lattice (Figure 4.1a). Bulk 
crystals are synthesized by reacting Re, Se, and ReCl5 in a quartz tube heated to 1100 °C (Figure 
4.1b). Bulk crystals could easily be exfoliated to thin flakes by mechanical exfoliation using the 
Scotch tape method which produced rectangular flakes as thin as ~15 nm, as determined by atomic 
force microscopy (AFM) (Figure 4.1c). While the material’s synthesis was reported decades 
ago,124,125 little has been known about its properties. Here, we focus on the 2D semiconducting 
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properties of multilayer Re6Se8Cl2 flakes and bulk samples using electronic absorption and 
photoluminescence spectroscopy. 
Absorption spectroscopy for Re6Se8Cl2 is performed by preparing thin film of single crystal, 
utilizing its layered structure and its exfoliatability, and by employing the method described in 
Chapter 2.3 and equation (2.3. To minimize modeling inaccuracy from thin-film interference while 
pertaining sample size larger than the diffraction limit of white-light for transmission and reflection, 
flakes with 20~50 nm thickness and > 4 µm lateral size are chosen. Figure 4.2 shows reflectance 
and transmittance spectra of a 43 nm thin Re6Se8Cl2 flake, and complex dielectric function, 
complex index of refraction, and absorption coefficient numerically solved using equation (2.3. 
The absorption spectrum is then fitted with either Tauc plot126 or Elliot’s formula,127 with 
 
Figure 4.2. (a) Reflectance and transmittance of 43nm Re6Se8Cl2 thin film on 
BK7. (b-d) Real and imaginary dielectric constants, index of refraction, extinction 
coefficients, and absorption coefficient converted from reflectance and 
transmittance. 
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assumptions that the band edge transition is indirect and that the exciton binding energy is much 
smaller than the band gap. Both methods give 1.50 ± 0.01 eV indirect optical gap. 
Photoluminescence spectroscopy is performed to further understand optical transition in 
the material and the nature of the band-to-band transition. The temperature-dependent PL spectra 
in Figure 4.3 indicates that the bandgap of Re6Se8Cl2 is indirect. The PL intensity increases with 
increasing temperature over the broad temperature range of 80-300 K. The plot of PL intensity as 
a function of temperature confirms that PL emission is thermally activated with an activation 
energy of 42.2 ± 1.4 meV (Figure 4.4b). This is consistent with a radiative recombination 
mechanism in an indirect-bandgap semiconductor where phonons provide the necessary 
momentum conservation. In a semiconductor, photoexcited electrons in conduction band can 
recombine with holes in either radiative or nonradiative recombination process. For direct gap 
semiconductors, band-to-band transitions of electrons do not require phonon scattering and 
temperature independent, while trap-mediated radiative recombination and nonradiative 
recombination process are slower at lower temperature. As a result, PL intensity grows towards 
 
Figure 4.3. Temperature dependent PL spectra of a bulk Re6Se8Cl2 crystal. 
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lower temperature. On the other hand, in indirect semiconductors, band-to-band transitions require 
phonon emission or absorption to converse momentum, and their rates are proportional to phonon 
population hence heavily dependent on temperature. Since the decrease in radiation recombination 
rate is greater than that of non-radiative channels, PL intensity drops towards lower temperature. 
Additionally, we notice that the main PL peak splits into two as we lower the temperature. 
Both peaks blue shift towards lower temperature, which is typical in semiconductors due to 
stronger electronic potential from reduced interatomic distance. To extract quantitative 
information regarding the peaks, spectrum at each temperature is fitted with three Gaussian peaks, 
two for main PL and one for broad trap emission at lower energy, whose intensity doesn’t change 
much with temperature. Two peaks have 40 meV spacing which is consistent throughout the entire 
 
Figure 4.4. (a) PL spectrum of Re6Se8Cl2 at 160K fitted with 3 peaks. (b) 
Arrhenius plot for PL intensity and temperature. Red is for primary peak at higher 
energy, and blue is for secondary peak at lower energy. (c) Peaks center position 
for primary and secondary peaks. (d) FWHM of primary peak versus temperature. 
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temperature range. We suspect that the secondary PL peak might be from bound excitons or trions, 
but additional experiments are required to verify the nature of the secondary peak. Quantitative 
analysis on recombination rates would require time-resolved photoluminescence spectroscopy 
with pump fluence dependence. 
4.3 Band Gap and Exciton Binding Energy 
The indirect bandgap is confirmed by density functional theory (DFT) calculations. We 
calculate the band structure of Re6Se8Cl2 on the experimental geometry by using the Perdew-
Burke-Ernzherof (PBE) functional,128 and refine the calculation with the Heyd-Scuseria-Ernzerhof 
(HSE06) functional,129 both including spin-orbit coupling (SOC). Figure 4.5a shows the PBE-SOC 
band structure (black curves) and HSE06-SOC refinements at selected high-symmetry k points 
(blue dots). The HSE06-SOC band structure gives an indirect bandgap of EG = 1.50 eV between 
the VBM at  (0, 0, 0) and the conduction band minimum (CBM) at T (0, 0.5, 0.5), showing a 
good agreement with optical measurements. 
 
Figure 4.5. (a) Calculated DFT band structure with PBE-SOC (solid black line) 
and HSE06-SOC (blue dots). (b) STS spectrum with I-V curve in red and the dI/dV-V 
curve in blue. The VBM and CBM are designated by the dashed lines, giving a bandgap of 
1.58 eV. 
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Scanning tunneling spectroscopy (STS, Figure 4.5b) on a bulk crystal at room temperature 
shows 1.58 ± 0.02 eV band gap. Since STS measures density of state in the material from tunneling 
current, the measurement does not involve excitonic effects. By comparing band gap measured 
with STS to optical gap measured from absorption spectroscopy, we obtain exciton binding energy 
of 80 ± 30 meV. 
Effective electron and hole masses from DFT calculation and dielectric function measured 
from transmittance/reflectance measurement allow us to calculate exciton binding energy. For the 
calculation we use 𝑚𝑒
∗ = 1.15 𝑚𝑒 and 𝑚ℎ
∗ = 0.66 𝑚𝑒, where 𝑚𝑒 is the free electron mass, and the 
measured dielectric constant 𝜀𝑟
∗~10.5 at ~1.5 eV. 3D hydrogenic exciton model give Rydberg 
series of 𝐸𝑛
3D = −𝑅𝑦









2 13.6 eV (4.1) 
where 𝜇∗ = 1/(1/𝑚𝑒
∗ + 1/𝑚ℎ
∗ ) is the reduced mass of the exciton. From the DFT effective masses 
and measured dielectric function we get 𝐸𝐵
3D = 50 meV. However, in 2D materials, both in bulk 
and at the monolayer limit, excitons are more or less confined in each layer, making 3D hydrogenic 












with four times larger exciton binding energy in comparison to 3D model. In this approach, 𝐸𝐵
2D = 
200 meV. Experimental exciton binding energy of 80 meV captures the intermediate nature of 
excitons between 2D and 3D in bulk Re6Se8Cl2, similar to previous reports on TMDCs.
130-133 We 
expect the exciton binding energy to increase by roughly a factor of 4 at the monolayer limit due 




Figure 4.6. (a) Crystal structure of Mo6S3Br6. Top: looking down the b-axis and 
bottom: top view of a single layer. Color code: Mo: blue; S: yellow; Br: brown 
(inner-cluster) and pink (inter-cluster bridging). (b) AFM image on an exfoliated 
Mo6S3Br6 flake on SiO2/Si. Top inset: optical image of the macroscopic Mo6S3Br6 
crystals. Bottom inset: height profile along the blue line, indicating thicknesses of 
2.5, 4.5, 6.5, and 8.5 nm, corresponding to 2, 4, 6, and 8 layers respectively. 
Mo6S3Br6 is another example of 2D superatomic semiconductor. In this material, Mo6S4Br4 
functions as a superatomic unit, similar to Re6Se8, where an octahedral Mo6 is circumscribed in a 
cube of S4Br4. Mo6S3Br6 is distinct from Re6Se8Cl2 that the material is highly anisotropic. In b 
direction, the cluster units are covalently connected with two Mo-S bonds, similar to Re6Se8Cl2. 
On the other hand, in c direction two adjacent units share one sulfur and bridged by two additional 
bromines.  
Microcrystalline Mo6S3Br6 has been synthesized by heating a stoichiometric mixture of 
Mo6Br12, Mo and S, to 1175 C in a fused silica tube sealed under vacuum. Millimeter-size crystals 
(inset of Figure 4.6b) are obtained when a mixture of Mo and Nb (in a molar ratio of 92.5:7.5) is 
used instead of the pure Mo metal. In addition to microcrystalline Mo6S3Br6 powder and 
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macroscopic crystals, the tube contains a few crystals of NbBr5, which form in situ and presumably 
acts as a chemical vapor transport agent that allow large Mo6S3Br6 crystals to grow. The flattened 
needle morphology of these crystals indicates different growth rates along the b- and c-axes, 
consistent with the anisotropic in-plane structure. The structure of the Mo6S3Br6 crystals was 
determined by single crystal x-ray diffraction (SCXRD). In agreement with previous reports,134 
the structure is orthorhombic (space group: Cmcm), with lattice parameters a =17.19 Å, b = 6.57 
Å, c = 11.87 Å at 100 K. 
To demonstrate the feasibility of Mo6S3Br6 as a practical 2D material, we first 
mechanically exfoliated macroscopic crystals using the Scotch tape method and determined the 
thicknesses of the resulting rectangular flakes by atomic force microscopy (AFM). The thinnest 
flakes obtained using this approach are bilayers (~2.5 nm in height); each step along the line profile 
shown in Figure 1b is approximately the height of two monolayers based on the SCXRD data (~2 
nm). Based on these exfoliation results, we explore the in-plane structural and electronic 
anisotropy of the material by conducting all measurements on freshly cleaved surfaces. 
DFT calculations on bulk and monolayer materials indeed show anisotropic electronic 
structures in b and c directions (Figure 4.7a). Nevertheless, careful optical study of the 
 
Figure 4.7. (a) DFT band structure PBE-SOC (solid black line) and HSE06-SOC (blue dots) 
for bulk Mo6S3Br6. (b) STM image of an Mo6S3Br6 surface. Hexagonal structure comes from 
bromines on the surface. (c) Mo6S3Br6 bulk PL at different temperatures. 
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semiconducting properties of the material has been challenging due to the high defect density of 
the material, presumably due to transport agents carrying excessive bromine from precursors with 
stoichiometric amount of Mo, S, and Br. Figure 4.7b show STM image of a surface of Mo6S3Br6 
bulk crystal at room temperature, revealing large amount of bromine vacancies. Consequently, PL 
emission from the material is very weak and independent of temperature (Figure 4.7c), despite 
DFT calculation suggests the material to have a direct gap at 1.6 eV. As such, we focus on 
anisotropic phonons from Raman spectroscopy. 
4.5 Raman Spectroscopy and Anisotropy 
The anisotropic properties of Mo6S3Br6 are further demonstrated by polarization-
dependent Raman spectroscopy. Figure 4.8a shows Raman spectra for parallel polarization (top) 
and cross polarization (bottom) configurations. Spectra were taken in a backscattering geometry, 
where the incident and scattered light are both perpendicular to the sample. The polarization angle 
is defined as the angle between the incident polarization and the crystal c-axis`. Each Raman active 
mode has either two- or four-fold symmetry, as governed by the crystal symmetry. Since the 
structure is orthorhombic with space group Cmcm (space group No. 63), there are 45 Raman active 
normal modes (13 Ag + 11 Bg + 9 B2g + 12 B3g),
135 with 25 of those modes (13 Ag + 12 B3g) 
detectable in the backscattering configuration. Raman selection rules dictate that Ag modes have 
two-fold symmetry for parallel polarization and four-fold symmetry for cross polarization, while 
Bg modes have four-fold symmetry in either parallel or cross polarizing configurations Figure 4.8b 
presents parallel-polarized Raman spectra at 0°, 30°, 60°, and 90°: 15 of the 25 Raman modes are 
resolved (black arrows) and assigned to either Ag or B3g mode, based on DFT calculations. To 
highlight the variations of each peak as a function of angle, Figure 4.8c,d shows normalized 
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parallel polarized Raman polar plots of Ag modes 181.3 and 421.2 cm
-1. The Raman intensity of 
the 181.3 cm–1 Ag mode along the c-axis is higher than that along b-axis while the intensity along 
the b-axis is a secondary maximum instead of a minimum, as often observed in other 2D 
materials.136,137 
We performed a quantitative analysis of the phonon anisotropy by extracting Raman 
tensors for Ag and B3g modes from the polarization dependent Raman spectra in parallel and cross 
polarizing configurations. The Raman intensity can be expressed as 𝐼 ∝ |𝑒𝑖𝑅𝑒𝑠|
2, where 𝑒𝑖 and 𝑒𝑠 
 
Figure 4.8. (a) Image plots of polarization dependent Raman for parallel 
polarization (PP) (top) and cross polarization (CP) (bottom). 0° angle denotes the 
c-axis of the crystal, and incident polarization was turned counterclockwise. (b) 
Representative parallel-polarized Raman spectra at 0°, 30°, 60°, and 90°. (c) Polar 
plot of parallel polarized Raman intensity of Ag mode at 181.3 cm
-1, showing 
preferential scattering along the c-axis. (d) Polar plot of parallel polarized Raman 
intensity of Ag mode at 421.2 cm
-1, showing strong response along the b-axis. 
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are the incident and scattered light vectors, respectively. For incident photons perpendicular to the 
sample (i.e. parallel to the a-axis), the Raman tensors of Ag and B3g are given by: 









where a, b, c, and d are complex Raman tensor elements. Since excitation photon energy is above 
band gap, the Raman tensor elements possess imaginary parts due to absorption events, and purely 
real Raman tensor fails to properly fit angle dependence of Raman scattering.138 In our Raman 
experiments, both incident and scattered lights propagate parallel to x-axis. As a result, incident 
electric field is ?̂?𝑖 = (0, sin 𝜃 , cos 𝜃), and scattered electric field is ?̂?𝑠,∥ = (0, sin 𝜃 , cos 𝜃) for 
?̂?𝑠,⊥ = (0, cos 𝜃 ,−sin 𝜃)  for parallel and cross polarized configurations, respectively. Raman 
cross-section is determined by 
 𝑆𝑘 = | ?̂?𝑖 ⋅ 𝑅𝑘 ⋅ ?̂?𝑠|
2
. (4.4) 
As a result, Raman cross-sections of Ag and B3g modes follow 
 
𝑆𝐴𝑔,∥ = (|𝑎| sin
2 𝜃 + |𝑐| cos𝜙 cos2 𝜃)2 + |𝑐|2 sin2𝜙 cos4 𝜃, 
𝑆𝐴𝑔,⊥ = ((|𝑎| − |𝑐| cos𝜙)
2 + |𝑐|2 sin2𝜙) 𝑠𝑖𝑛2 𝜃 cos2 𝜃, 
(4.5) 
 
𝑆𝐵3𝑔,∥ = (|𝑑| 𝑠𝑖𝑛 2𝜃)
2, 
𝑆𝐵3𝑔,⊥ = (|𝑑| 𝑐𝑜𝑠 2𝜃)
2, 
(4.6) 
where 𝜙 = Arg(𝑐) − Arg(𝑎) − 𝜙cyrstal. There are additional tensors for Raman active modes of 
B1g and B2g, given as 









However, they are not considered in this paper as 𝑆𝐵1𝑔,∥ = 𝑆𝐵1𝑔,⊥ = 𝑆𝐵2𝑔,∥ = 𝑆𝐵2𝑔,⊥ = 0. 
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We obtain the tensor elements by fitting both parallel and cross polarized Raman spectra 
simultaneously. The fits, included in the polar plots in Figure 4.8c,d and Figure 4.9 as blue solid 
lines The strong in-plane anisotropy of Mo6S3Br6 is reflected in the separation of the Ag modes in 
parallel polarized configuration (Figure 4.8a): the maximum peak intensity of Ag modes below 
270 cm–1 is at 0° and 180° while those of Ag modes above 270 cm
–1 is at 90° and 270°. This 
anisotropy is evident when comparing the polar plots of Ag modes 181.3 and 421.2 cm
–1 shown in 
Figure 4c,d. 
In a first-order Raman process, a photon is absorbed, a phonon is created or destroyed, and 
photon with energy difference of the phonon is emitted.139 Since the transition matrices for photon 
absorption and emission are virtually the same for totally symmetric modes, strong anisotropy of 
Ag modes originates from electron-phonon coupling when electron is excited to the conduction 
band. Such anisotropic electron-phonon coupling stems from unequal sizes of lattice parameters 
in b and c directions. In the orthorhombic unit cell of Mo6S3Br6 c-axis is 80% longer than b-axis, 
and consequently in reciprocal lattice c-axis is 45% shorter than b-axis. This causes effective mass 
of electrons in conduction band to be lighter in c-direction and allows them couple with smaller 
energy phonons. Lighter effective mass in c-direction further explains a discrepancy in Raman 
cross-sections between theory and experiment. In DFT calculation, which assumes off-resonant 
scattering, lower energy phonons have much smaller Raman cross-section than high energy 
phonons. On the other hand, in experiment their intensities are comparable, as polarizability is 
enhanced from smaller electron effective mass. 
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Figure 4.9. Polarization resolve Raman intensities for selected Raman modes. 
Experimental data (red circles) are fitted (blue curves) using equations (4.5 and 
(4.6. Note that 219 cm-1 peak cannot be fitted with either Ag or B3g equation alone, 
suggesting that Ag and B3g peaks are overlapping in this particular phonon 
frequency. 
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In nuclear motion perspective, Raman active phonons below 270 cm-1 involves twisting 
modes of Mo6 cluster units. Since in those modes two adjacent Mo6 units in c-axis rotate in 
opposite direction, the phonons modulate Mo-S bonds of shared µ6-S bridge between them, which 
are vertices of the S/Br cubes enclosing the octahedral cores. This results in perturbing strongly 
electronically-coupled 1D chains of corner-sharing clusters, agreeing with aforementioned 
discussions. Due to the polar nature of the bonds, modulation of Mo-S bond length is directly 
correlated with polarizability in the direction and results in stronger Raman response in c-direction. 
Phonons above 270 cm-1 concern stretching modes of Mo-S bonds. Such vibrations exhibit the 
strongest effect along the b-axis of the crystal, where Mo6 cluster chains are connected by two 
Mo–S linkages. Additional sulfur in b-axis allows stretching mode phonons to heavily modulate 
polarizability in that direction, explaining preferential Raman response in b-direction for high-
frequency Ag modes. While there exists Mo-S stretching Ag mode exists in c-direction, its Raman 
cross-section is significantly smaller and not experimentally resolved. 
4.6 Conclusion 
In summary, we present two 2D superatomic materials, Re6Se8Cl2 and Mo6S3Br6, as the first 
examples of covalently linked 2D superatomic solids built from nanoscale building blocks with 
hierarchical structures. Re6Se8Cl2 is an indirect-gap semiconductor with 1.50 eV optical gap and 
80 meV exciton binding energy. Mo6S3Br6 is a direct gap semiconductor with strong electronic 
and phononic anisotropy. Furthermore, the superatomic semiconductors opens up engineering 
pathway to tune material properties with stoichiometric control of composition of superatomic 
building block as well as ligand substitution of labile chlorine terminations on the surface. Lastly, 
limited intercluster electronic coupling suggests the electronic structure would be sensitive to 
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collective motions of the superatomic unit. In the following chapter, we demonstrate how the 





5 Hierarchical Coherent Phonons in 
Superatomic Semiconductor 
In this chapter, we discuss hierarchical coherent phonons of 2D superatomic semiconductor 
Re6Se8Cl2 that are derived from the hierarchical structure of the material. The results of this chapter 
is published in and adapted with permission from ref. 140. Copyright 2019, John Wiley and Sons. 
I have contributed to this project with spectroscopic measurements and molecular calculations. Dr. 
Bonnie Choi, Jake Russell, and Dr. Douglas Reed have synthesized single crystals of Re6Se8Cl2. 
Dr. Daniele Meggiolaro conducted DFT calculation on crystalline Re6Se8Cl2. 
5.1 Introduction 
Materials in which clusters form the basic building blocks of the crystal lattice are bridges between 
atomic solids and molecular crystals.37,38 Their structures can be viewed as analogs of conventional 
inorganic crystals, with molecular cluster units (i.e. superatoms) in place of the atomic building 
blocks. In contrast to atoms, however, these superatomic units have intrinsic internal vibrations as 
well as tunable electronic and magnetic characteristics. Due to their distinctive structural features, 
these compounds possess complex phonon landscapes that produce unique material properties. For 
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example, Chen and coworkers141 recently reported that the emergence of superconductivity in the 
superatomic cluster solid PbMo6S8
142,143 results from the coupling of electrons to both intracluster 
vibrations and intercluster phonon modes. More broadly, the recent discovery of switchable and 
tunable thermal, electrical, optical and magnetic behaviors in self-assembled superatomic 
crystals,44,46,144 as well as superconductivity in endohedral gallide cluster phases,145 exemplifies 
the rich set of possibilities provided by this class of materials. 
Phonons are also of great consequence in nanomaterials due to quantum confinement, 
spatial localization and local symmetry/interfaces. For instance, phonon coupling to electrons or 
excitons is significantly enhanced in nanocrystals,146-150 carbon nanotubes,151,152 and transition 
metal dichalcogenides.153,154 When nanocrystals are assembled into superlattices, however, the 
phonon scattering processes caused by the polydispersity, surface defects and interfacial disorder 
of nanocrystals dominate the behavior of the material, in effect sequestering phonons on the 
building blocks. By contrast, superatomic crystals are atomically precise, and the juxtaposition of 
intra- and inter-superatom bonding gives rise to hierarchical phonons, some of which are localized 
on isolated clusters and others are delocalized across the whole lattice. 
In this study, we investigate for the first time this hierarchy of phonons, from local 
vibrations of individual superatoms, to extended motions of the coupled superatoms. We use the 
superatomic 2D layered semiconductor Re6Se8Cl2 as a model system. The basic superatomic unit 
consists of a Re6 octahedron circumscribed in a Se8 cube, and capped with two Cl in the trans-
configuration. The Re6Se8Cl2 units are interconnected with two covalent Re–Se bonds to form 2D 
sheets, which stack to create the 3D lattice (Figure 5.1a).125 The resulting material is a 
semiconductor with a 1.50 eV indirect optical gap (Figure 5.1b).49 The layered structure, composed 
of covalently-linked superatomic units, gives rise to a very diverse family of phonons, from 
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localized 0D symmetric and antisymmetric breathing modes (SBM/ABM) at high frequency 
(Figure 5.1c), to delocalized 2D cluster twisting modes (CTM) (Figure 5.1d), to 3D acoustic modes 
propagating through the layered structure at low frequency (Figure 5.1e).  
5.2 Coherent Phonon Generation Mechanisms 
The most common coherent phonon generation mechanisms include impulsive stimulated Raman 
scattering (ISRS) and displacive excitation of coherent phonons (DECP).86,87 ISRS mechanism 
 
Figure 5.1. (a) Side view (left, bc plane) and top view (right, ab plane) of the Re6Se8Cl2 crystal 
structure. (b) Electronic absorption spectrum of a Re6Se8Cl2 single crystal. (c-e) Hierarchical 
phonon modes observed in the Re6Se8Cl2 crystal by coherent phonon spectroscopy. (c) 0D modes 
from Re6Se8 clusters include symmetric and antisymmetric breathing modes (SBM/ABM) at 7.7 
and 7.1 THz. (d) Inter-superatom covalent bonds within the layers give rise to 2D cluster-twisting 
modes (CTM) at 2.6 THz. (e) The layered structure also displays coherent acoustic phonons 
propagating perpendicularly to the layers. The longitudinal acoustic (LA) phonon modulates 
reflectance at 0.02 THz. 
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generates CP through Raman scattering in coherence within pump pulse-width. DECP involves 
optical transition that pulse the material in non-equilibrium excited state to initiate coherent lattice 
vibration (Figure 5.2). In our system, depletion field screening mechanism, which is one of the 
most important coherent phonon generation pathways in polar semiconductors like GaAs and InP, 
is not considered due to the layered structure and nonpolar nature of the material surface. 









2𝑄(𝑡)) = 𝐹(𝑡) (5.1) 
where 𝜇∗ is the reduced mass, 𝑄 is lattice displacement, 𝛾 is damping constant, 𝜔0 is resonant 








The driving force for displacive mechanism originates from excited electrons locating at non-
equilibrium vibrational position at the excited state. The amount of force is hence proportional to 
the number of charge carriers: 
 
Figure 5.2. Schematics of impulsive Raman and displace coherent phonon 
generation mechanisms. 
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 𝐹(𝑡) = 𝜇∗𝜔0
2Δ𝑄0(𝑡) =  𝜇
∗𝜔0
2𝜅𝑛𝑒(𝑡). (5.3) 
Coherent optical phonons are detected with transient reflectance. Change in reflectance 










For the change in reflectance in ISRS mechanism, the modulation intensity will follow Raman 
tensor. For DECP mechanism, however, 𝜕𝜒/𝜕𝑄 does not follow Raman tensor as the equilibrium 
position has changed. Only the Ag Raman active modes can be detected with DECP mechanism, 
but this is irrelevant for Re6Se8Cl2 as every Raman mode is Ag. Since DECP will be directly 
affecting density of states in excited electronic state available for optical transition over time, its 
modulation of reflectance is much stronger than that from impulsive Raman CPs and will be more 
pronounced near optical gap. Spectral dependence of CP from ISRS will mostly follow imaginary 
component of Raman tensor. 
5.3 Coherent Phonon Spectroscopy 
To study electron-phonon interaction, we excite Re6Se8Cl2 resonantly across the bandgap with an 
ultrashort laser pulse and detect the resulting coherent phonons in transient reflectance. Compared 
to Raman spectroscopy, coherent phonon spectroscopy is advantageous in probing phonons 
without Rayleigh scattering, allowing us to observe both optical and acoustic phonons in a broad 
frequency range. All measurements were performed at room temperature, on freshly cleaved 
Re6Se8Cl2 single crystals terminated in the c-direction, i.e. the surface of the 2D sheets. In the 
experiment, the resonant pump pulse (h = 1.55 eV, 40 fs pulse width, 0.3 µJ) and the 
supercontinuum white light probe pulse (40 fs pulse width, 8 nJ) are focused onto the surface to 
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diameters of 80 μm and 50 μm, respectively, in a near-collinear fashion. The pump and probe 
pulses are linearly polarized at a 45˚ angle with respect to each other. At each controlled pump-
probe delay t, the reflected probe spectrum is detected on a CCD-based spectrometer (Figure 5.3) 
and the transient reflectance is defined as R/R0, where R = R – R0; R is the reflectance at 
particular t and R0 is reflectance without pump. 
The 2D pseudo-color plot of R/R0 in Figure 5.4a is characterized by broad induced-
absorption (positive) and a narrower bleaching feature (negative) at ~1.7 eV. In addition to these 
general characteristics, we observe coherent oscillations throughout the entire probe window. Two 
transient reflectance spectra averaged in probe ranges of 1.65-1.70 eV and 1.95-2.00 eV are shown 
in Figure 5.4b. To extract the frequencies of the oscillations, we subtract an incoherent background 
with biexponential decay from each probe energy slice and Fourier transform the residual 
oscillatory component. The resulting FFT spectra are shown in Figure 5.4c. The FFT spectrum in 
the 1.65-1.70 eV window (red) features a range of delocalized 2D phonon modes involving whole 
superatomic unit motions, with the most prominent mode at  = 2.63 THz assigned to the inter-
superatom CTM (Figure 5.1d). At higher probe photon energies (1.95-2.00 eV), the same 2D 
phonon modes (1.69-5.25 THz) are observed, along with two clearly resolved peaks at higher 
frequencies, 7.15 ± 0.02 THz and 7.68 ± 0.01  THz, (Figure 5.4c, blue). Based on density functional 
theory (DFT) calculations (Section 5.A), we assign the 7.1 THz and 7.7 THz oscillations to the 0D 
 
Figure 5.3. Schematic of the transient reflectance setup. 
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ABM and SBM of the Re6Se8 superatom core. Based on Lorentzian fits to the phonon peaks in the 
FFT spectra at room temperature, we obtain dephasing time constants of 2.3 ± 0.5 and 2.8 ± 0.2 
ps for the 0D antisymmetric and symmetric breathing modes, respectively, and > 10 ps for the 2D 
cluster twisting mode (Section 5.A). 
  
 
Figure 5.4. (a) Transient reflectance spectrum of Re6Se8Cl2, pumped with a 40 
fs 1.55 eV pulse and probed with a supercontinuum white light. (b) Time-
dependence of transient reflectance signal in probe photon energy windows of 1.65-
1.70 eV (red) and 1.95-2.00 eV (blue), respectively. (c) FFT spectra of the kinetic 
traces in (b), after subtracting an exponential decay to give the oscillatory residual. 
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5.3.1 Dephasing Time of Coherent Phonons 
Typically, dephasing time can be obtained by fitting exponentially decaying sinusoidal 
function to an experimental curve. However, such method is inadequate to be directly applied to 
our results as diverse phonon frequencies contribute to the oscillations in transient reflectance 
spectra. Alternatively, dephasing time for coherent phonons are obtained by calculating 2/FWHM 
of FFT amplitude squared, using the following equations: 
 











1/𝑇 − 𝑖(𝜔 − 𝜔0)






1/𝑇2 + (𝜔 − 𝜔0)2
 





By fitting the FFT intensity squared with Lorentzian functions (Figure 5.5), we obtain dephasing 
times of 2.3 ± 0.5 ps for ABM and 2.8 ± 0.2 ps for SBM. Note that a factor 2π is required to convert 
the unit of FWHM to angular frequency. Lorentzian FWHM could not be accurately determined 
with this method due to frequency resolution, and assuming FWHM = resolution/2, we obtain 
lower bound of 10.2 ps. 
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Figure 5.5. Estimating dephasing times of coherent phonons by fitting 
Lorentzian functions to FFT2. 
5.4 0D Coherent Phonons 
To further support the conclusion of 0D modes in a 2D/3D crystal, we synthesize Cs4Re6Se8I6, an 
ionic crystal in which the Re6Se8 superatomic units are capped by terminal I atoms and thus 
essentially vibrationally isolated from one another (i.e. [Cs+]4[Re6Se8I6
4–]). Figure 5.6a compares 
the Raman spectrum of the isolated Re6Se8 core in Cs4Re6Se8I6 (Section 5.A) with that of the 
covalently bonded Re6Se8Cl2. For Re6Se8Cl2 (red in Figure 5.6a), the ABM and SBM of the Re6Se8 
superatom unit at 7.1 and 7.7 THz are the most intense peaks. These two modes are similarly 
observed at 7.8 and 7.4 THz in Cs4Re6Se8I6 (blue). Note that the inter-cluster Re–Se bonds stiffen 
the in-phase breathing modes of the Re and Se cages, shifting the SBM from 7.4 THz  for 
Cs4Re6Se8I6 to 7.7 THz for Re6Se8Cl2, and softens the out-of-phase ABM vibrations, from 7.8 THz 
to 7.1 THz. 
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Figure 5.6. (a) Raman spectra of Re6Se8Cl2 (red) and Cs4Re6Se8I6 (blue) 
crystals. (b) Polar plot for parallel polarized Raman of SBM in Re6Se8Cl2. (c) Polar 
plot for FFT intensity of SBM coherent phonon obtained from polarization resolved 
transient reflectance. Solid circles denote experimental data, and hollow circles are 
generated by inversion symmetry. 
The observation of 0D breathing modes in both the coherent phonon and Raman spectra of 
Re6Se8Cl2 suggests that the phonons probably result from an impulsive Raman excitation 
mechanism. Figure 3b,c compares the Raman intensity and coherent phonon intensity as a function 
of light polarization for the 0D SBM. In each polar plot, 90° and –3.6° correspond to the a- and b-
axes, respectively. The data points for the Raman polar plot (Figure 5.6b) come from the parallel 
polarization configuration, where incident and scattered light have the same polarization. Figure 
5.7 shows the polarization resolved Raman spectra in both parallel and perpendicular 
configurations. The data points for the coherent phonon polar plot come from FFT intensities of 
the SBM for different pump pulse polarization, with the relative angle between pump and probe 
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fixed. The main symmetry of the two polar plots are qualitatively similar, consistent with the 
impulsive Raman excitation mechanism. The difference may come from the imaginary parts of the 
Raman tensor due to different pump photon energies used in the two experiments. 
 
Figure 5.7. Polarization dependent Raman spectra on bulk Re6Se8Cl2 crystal. 
5.5 2D Coherent Phonons 
In contrast to the 0D breathing modes, the CTM at 2.6 THz, as well as other 2D phonon modes in 
the range 1.69-5.25 THz, are delocalized across the Re6Se8Cl2 2D layers. Crucially, these 
delocalized modes are not observed in the isolated cluster units of Cs4Re6Se8I6. The CTM is a 
phonon that stems from inter-superatom covalent bonds, and hence is closely coupled to band-to-
band transitions. It is worth noting that in the superconducting Chevrel compound PbMo6S8, the 




Figure 5.8. Pseudo color intensity plots of FFT spectra from coherent phonons 
for (a) CTM and (b) ABM and SBM. The two arrows in (a) mark the energies for 
direct gap transitions in the Re6Se8Cl2 crystal. 
Figure 5.8 shows the spectral dependences of the coherent phonon amplitudes for the 2D-
CTM and 0D-ABM/SBM, respectively. Consistent with coupling of the 2D-CTM to the electronic 
transitions, we find that the CTM intensity is highest at probe photon energies of ~1.7 and ~2.0 eV 
(arrows in Figure 5.8a). The distinctive coupling of the CTM to the electronic transitions strongly 
suggest that the coherent phonon generation mechanism for this delocalized 2D mode is 
displacive,155 instead of impulsive Raman as in the 0D breathing modes (Figure 5.2). Detection of 
coherent phonons in 2D modes will roughly follow the first derivative of absorption,156 and 
consequently CP intensity is stronger closer to the optical gap. By contrast, the 0D-SBM is 
relatively insensitive to the energy of the probe as its spectral dependence follows imaginary 
component of Raman tensor due to impulsive Raman mechanism. These trends are even more 
obvious in the transient reflectance spectra collected using a pump photon energy of 2.25 eV 
(Figure 5.9a,b), which allows us to observe CP near the bandgap. By probing at 1.55 eV, we detect 
the strongest CTM oscillations down to the bandgap edge (Figure 5.9c).  
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Figure 5.9. (a) Transient reflectance spectra of Re6Se8Cl2 crystal with 2.25 eV pump. (b) TR 
spectra with 2.25 eV with higher temporal resolution. (c) Transient reflectance spectra of 
Re6Se8Cl2 crystal with 2.25 eV pump and 1.55 eV probe. Using the 1.55 eV pump, the coherent 
phonon measured with probe below 1.65 eV becomes weaker due to pump scattering. Using the 
2.25 eV pump, long-lived CTM is clearly resolved down to bandgap. 
5.6 3D Coherent Phonons 
In addition to localized 0D modes and delocalized 2D modes, the van der Waals stacking of the 
2D sheets introduces 3D phonon modes from synchronized interlayer motions. Specifically, the 
layered Re6Se8Cl2 structure gives rise to coherent acoustic phonons propagating perpendicularly  
to the layers. Figure 4 shows the transient reflectance spectrum over long pump-probe delays 
(0-800 ps) obtained for probe photon energies across the optical bandgap. The oscillation periods 
in Figure 5.10a are two orders-of-magnitude longer than those of the optical phonons observed in 
Figure 5.4a. Fourier transform of the data in Figure 5.10a reveals frequencies of ~0.01 and ~0.02 
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THz (Figure 5.10b). The dependences of these coherent phonons on probe photon energy show 
signatures of transverse acoustic (TA) and longitudinal acoustic (LA) phonons, respectively. 
The periodic modulation in reflectance originates from the interference between reflections 
from the crystal surface and the coherent acoustic phonon wave packet. When the material is 
excited with an ultrafast pulse with photon energy above the bandgap, absorption in the near 
surface region induces strain.157,158 The strain field in the near surface region can result from 
 
Figure 5.10. (a) Transient reflectance spectrum revealing oscillations from 
coherent acoustic phonons below the optical bandgap. (b) FFT map reveals 
modulations in reflectance from LA and TA phonons. (c) DFT phonon dispersions 
in Γ-Z for LA (red) and TA (black and gray) modes and dispersions at the long 
wavelength limit from experimentally measured group velocities (blue). 
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thermal expansion and/or atomic displacement due to excess population of photogenerated carriers. 
The resulting elastic strain field propagates at group velocities of acoustic phonons and the 
propagation changes the optical path length between reflections from the surface and that from the 
strain pulse. As shown in Figure 5.10b, coherent acoustic phonons are only observed with probe 
photon energy below the optical gap (1.50 eV) where the material is transparent. In addition, the 
coherent oscillation in transient reflectance has a cosine profile, because the interference is initially 
constructive. Finally, the phonon frequencies increase with probe photon energy (by 1.3 GHz as 
h2 increases from 1.43 to 1.50 eV) because the optical path length depends on probe wavelength. 
This relation can be expressed as 𝜏 = 𝜆/2𝑛𝑣, where τ is oscillation period, λ is probe wavelength, 
𝑛 is index of refraction, and 𝑣 is group velocity. Using 𝑛 ≈ 3.1, we obtain group velocities of 
𝑣𝑔,LA = (2.7 ± 0.3) × 10
5 cm/s and 𝑣𝑔,TA = (1.2 ± 0.2) × 10
5 cm/s (Figure 5.11), which yield the 
phonon dispersion relations for acoustic phonons near the Γ point in the Γ-Z direction (blue dashed 
lines in Figure 5.12), in good agreement with the theoretical phonon dispersions (solid red curves 
in Figure 5.12) from DFT calculations in the long wavelength limit. Note that the two TA branches 
are not separately resolved in our measurement due to the limited range of pump-probe delay. 
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Figure 5.11. Period of transient reflectance spectra vs. probe wavelength for (a) 
LA and (b) TA phonon branch. Linear fits give group velocities for each acoustic 
phonon branch. Two separate TA branches are not resolved due to limited 
frequency resolution, which is determined by range of pump-probe delay. 
 
Figure 5.12. Dispersions from experimental group velocities at long wavelength 
limit plotted with theoretical acoustic phonon dispersions. Note that our pump-
probe delay range was not long enough to resolve TA1 and TA2 separately, and TA 
phonon group velocities falls between the two TA branches. 
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5.7 Conclusion 
In summary, we have demonstrated the emergence of hierarchical coherent phonons in a 2D 
superatomic semiconductor. These include the 0D breathing modes of the superatomic unit, the 
2D optical modes of inter-superatom synchronized motions, and the 3D acoustic modes 
perpendicular to the 2D sheets. The hierarchy of coherent phonons of different dimensions are 
most likely generated by different mechanisms: impulsive Raman excitation for the 0D breathing 
modes, displacive mechanism for the delocalized 2D inter-superatom modes, and strain 
propagation for the interlayer acoustic modes. Given the exciting prospects of modifying and 
enhancing materials properties through phonon excitations,159-161 our findings of phonon hierarchy 
in superatomic crystals opens the door to a new degree of control over material properties by 
selectively exciting phonons of different dimensionality. 
5.A Nuclear Motions of Phonons and Vibrational Modes 
This section lists nuclear motions of selected phonons and vibrational modes obtained from DFT 
calculations. More comprehensive list can be found in the supplementary materials in ref. 140. 
Phonons calculations were performed on the 3D bulk phase of Re6Se8Cl2, by fixing the cell 
parameters to the experimental values: a = 6.598 Å, b = 6.640 Å, c = 9.071 Å, α = 100.19°, β = 
113.52° and γ = 93.64°. The small displacement method as implemented in the Phonopy 
package162 was used. A 2x2x2 supercell was modelled starting from the primitive cell and the force 
constants matrix associated to ions displacements in the cell were calculated at the Density 
Functional Theory (DFT) level by using the Quantum Espresso package.163 DFT calculations were 
carried out by using ultrasoft pseudopotentials and the Perdew-Burke-Ernzherof (PBE) exchange 
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correlation functional.128 A cutoff on the wavefunction of 40 Ryd (320 Ryd on the charge density) 
and a 2x2x1 k-point grid in the Brillouin zone (BZ) were used. Phonons dispersions were 
calculated along the Γ-Z-T-R-V-X- Γ path in BZ. Coordinates of these points in terms of fractional 
coordinates of reciprocal lattice vectors are164 Γ (0.0 0.0 0.0), Z (0.0 0.0 0.5), T (0.0 0.5 0.5), R 
(0.5 0.5 0.5), V (0.5 0.5 0.0), and X (0.5 0.0 0.0). 
Molecular vibration calculation were performed using Gaussian 16165 with XSEDE Comet 
supercomputing cluster.166 We optimized Re6Se8I6
4- and calculated its Raman spectrum with 
B3LYP, using 6-311G* for seleniums and SDD basis set for iodines and rheniums.  
The following nuclear motions of Raman active phonons of crystalline Re6Se8Cl2, 
calculated with Phonopy, are visualized with GaussView 6.167 The indices denote their positions 
at the Γ point when listed in an ascending order of phonon frequencies. All the Raman active 
modes are Ag modes due to low symmetry. All the other modes not listed here are IR-active. Color 
code: Re: blue, Se: red, and Cl: green. 
Mode 6 (CTM): 2.59 THz, 86.4 cm-1 
  
Top view Side view 
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Mode 37 (ABM): 6.98 THz, 232.7 cm-1 
  
Top view Side view 
 
 
Mode 40 (SBM): 7.58 THz, 253.0 cm-1 
  
Top view Side view 
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The following table lists nuclear motions of SBM and ABM vibrational modes of 
molecular Re6Se8I6
4-, calculated with Gaussian 16 and visualized with GaussView 6. Color code: 
Re: blue, Se: red, and I: purple. 
SBM: 7.18 THz, 239.4 cm-1 
  
Top view Side view 
 
 
ABM: 7.70 THz, 256.8 cm-1 
  




6 Spectroscopic Probing of Magnetic Phases 
in 2D Ferromagnetic Semiconductors 
This chapter explores magnetic phases in CrSBr, a 2D ferromagnetic semiconductor, using optical 
spectroscopies, and presents results of magnetic phases in the material probed with SHG, THG, 
and Raman measurements. I have performed micromechanical exfoliation and spectroscopies for 
the work described in the chapter. Crystal growth and XRD are done by Avalon Dismukes. 
6.1 Introduction 
Spectroscopies have been at heart of the field of 2D magnetic materials since its inception. Lee 
and his coworkers reported Ising-type antiferromagnetism in FePS3 monolayer studied with 
temperature-dependent Raman spectroscopy.34 Gong, et al. and Huang, et al. reported 
ferromagnetisms probed with magneto-optical Kerr effect (MOKE) microscopy in CrGeTe3 
bilayer and CrI3 monolayer, respectively, identifying Curie temperatures of 30 K and 45 K.
35,36 
Despite diverse 2D magnetic materials have been discovered since, search for new materials are 
still desirable due to limitations in material stability, semiconductivity, and high Curie temperature. 
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Figure 6.1. Degradation of CrI3 samples under various conditions. Adapted with 
permission from ref. 168. Copyright 2019, American Chemical Society. 
Figure 6.1 shows degradation of CrI3 demonstrating strong sensitivity of the material to 
moisture and light.168 The material is sensitive enough to degrade even with h-BN encapsulation, 
which makes practical application limited, and renders experiments challenging. Secondly, most 
of magnetic 2D materials are reported to be metallic or insulating. In particular, CrI3 has 1.1 eV 
gap, but due to weak electronic coupling between chromiums, the material behaves like an 
insulator whose absorption and emission properties are better explained with ligand-field theory.64 
Lastly, ferromagnetism in 2D materials at room temperature is currently achieved only as thin film 
synthesized with molecular beam epitaxy,55,58 compelling transfers to dielectric substrates 
challenging for further device fabrications. We attempt to address these challenges by studying 
CrSBr. 
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6.2 CrSBr: 2D Ferromagnetic Semiconductor 
 
Figure 6.2. Crystal structure of CrSBr, viewed along (a) c, (b) b, and  (c) a axes. 
 
Figure 6.3. (a) Band structures and (b) density of states for majority and 
minority spins of monolayer CrSBr. Adapted with permission from ref. 169. 
Copyright 2018, Royal Society of Chemistry. 
CrSBr is a bulk-antiferromagnetic material with an intralayer ferromagnetic and interlayer 
antiferromagnetic ordering.170 Ferromagnetic ordering in in-plane with a direction as an easy axis, 
with the Néel temperature of 132 K. CrSBr has a quasi-one-dimensional structure along the b-
direction with Cr-Cr distance in b is 3.512 Å, which are placed in a zigzag pattern along the a-
direction (Figure 6.2). The material has intralayer ferromagnetic ordering with interlayer 
antiferromagnetism below 𝑇𝑁 = 132 K, similar to CrX3 (X = Cl, Br, I).
36,56,171 The material is 
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expected to be semiconducting even at the monolayer limit, with large splitting in band structures 
of majority and minority spins, and with preferential electronic conductance in b-direction.169 
Magnetic orderings in the atomically thin limit have been measured with magneto-optical 
Kerr effect (MOKE), reflective magnetic circular dichroism (RMCD), anomalous Hall effect 
(AHE) measurements, etc.35,36,54 However, at normal incidence of light for MOKE and RMCD 
measurement, direction of angular momentum of circular polarization becomes perpendicular to 
the magnetic moments in the material, preventing MOKE and RMCD measurements from 
distinguishing ferromagnetic ordering in two in-plane directions. Considering normal incident of 
light is the easiest experimental practice for microscopic samples, in-plane magnetic ordering calls 
for a new probe that does not rely on the direction of magnetic moments. In this chapter, we probe 
magnetic ordering in 2D materials by observing symmetry change across magnetic phase 
transitions using second and third harmonic generations. 
6.3 Magnetic Second Harmonic Generation 
Magnetic phase transitions introduce changes in material space group by breaking time-reversal 
symmetry. Electric and magnetic contributions to SHG must be considered separately as magnetic 
dipoles behave differently with symmetry operations in comparison to electric dipoles. While 
electric dipoles are polar vectors that moves the same as geometric objects in the Cartesian 
coordinates, magnetic moments are axial vectors and obtains additional flip upon improper 
rotations. A magnetic dipole is conserved with inversion and perpendicular reflection, while it is 
reversed with parallel reflection (Figure 6.4). 
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Figure 6.4. Symmetry rules for axial vectors of angular momenta. The vector is 
(a) conserved with an inversion operation, (b) conversed with a perpendicular 
mirror, and (c) reversed with a parallel reflection. 
In the presence of magnetic field, second-order susceptibility can be separated into two 
components, one invariant with time-reversal operation, and the other changing depending on the 
strength of magnetic field, which we may call i-type and c-type,172-175 and write as 
 𝜒(2)(2.1 = 𝜒(𝑖) + 𝜒(𝑐) ⋅ 𝑴, (6.1) 
where 𝜒(𝑖) is a third-rank i-type second-order susceptibility tensor, 𝜒(𝑐) is a fourth-rank c-type 
second-order susceptibility tensor, and 𝑴 is magnetic field, either from external field or from 
magnetization of the material. Note that 𝜒(𝑐)  and 𝑴 are axial tensors and are invariant under 
inversion operation. 
Similarly for antiferromagnetic materials, antiferromagnetic vector 𝑳 can be defined as 
 𝜒(2) = 𝜒(𝑖) + 𝜒(𝑐) ⋅ 𝑳. (6.2) 
If the crystalline lattice is centrosymmetric, 𝜒(𝑖) = 0 and SHG intensity can directly probe 𝐿. 
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6.4 2D Magnetic Material Symmetry and Nonlinear Susceptibility 
Tensors 
To predict how SHG and THG intensity will change with phase transitions, we need to understand 
nonlinear susceptibility tensors at each phase. In the following sections, SHG and THG tensors for 
different magnetic phases are discussed for two representative materials, CrSBr and CrI3. 
6.4.1 CrSBr 
Figure 6.5 shows centrosymmetry of CrSBr monolayer with an in-plane ferromagnetic ordering. 
Since the crystalline structure is centrosymmetric and the magnetic moments are axial vectors, 
centrosymmetry is preserved and no SHG signal is detected at any temperature. On the contrary, 
antiferromagnetically ordered CrSBr bilayer is noncentrosymmetric (Figure 6.6). While the 
underlying crystalline structure is centrosymmetric, anti-parallel magnetization of two layers break 
the inversion symmetry. As a result, CrSBr bilayer below Néel temperature produces nonzero SHG 
signal in the electric-dipole approximation. 
In its paramagnetic state, CrSBr bilayer belongs to C2h space group, which is 
centrosymmetric and hence has zero SHG. With antiferromagnetic ordering, CrSBr bilayer has a 
principal rotational screw axis 21  in b-direction, a glide plane 𝑛  in 𝑥𝑦 -plane with (𝑎 + 𝑏)/2 
translation, and a mirror plane 𝑚 in 𝑦𝑧-plane, where the glide and mirror planes are parallel to the 
 
Figure 6.5. Centrosymmetry of ferromagnetic CrSBr monolayer. 
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axis of rotation (Figure 6.7). Including the identity operation, the four operations constitutes C2v
 
space group which is noncentrosymmetric. Note that assignment of point groups and interactions 
of crystalline lattice with electric field do not distinguish between simple rotation and screw 
rotation, nor between mirror and glide planes. 
For the C2h group, 𝜒𝐶2ℎ
(2) = 0 due to its centrosymmetry. For the C2v group, the second order 
susceptibility tensor with the principal axis of rotation in y-direction is 
 
Figure 6.6. Broken inversion symmetry for antiferromagnetically ordered 
CrSBr bilayer. 
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  (6.3) 
In our experimental design, light propagates only in z-direction in a back-scattering geometry, and 
we can ignore z-component in electric field and polarizability. Removing all the elements with z 
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(6.4) 
The experimental results with this equation are discussed in Section 6.5. 
Similar analysis is done with THG for CrSBr monolayer and bilayer. CrSBr monolayer has 
D2h space group in paramagnetic state and C2h group in ferromagnetic state. The third order 
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At 𝜃 = 0°, 
 𝜒𝐷2ℎ,⊥
(3) = 0, 𝜒𝐶2ℎ,⊥
(3) = 𝜒𝐶2ℎ,𝑦𝑥𝑥𝑥
(3) , (6.8) 
and at 𝜃 = 90°, 
 𝜒𝐷2ℎ,⊥
(3) = 0, 𝜒𝐶2ℎ,⊥
(3) = −𝜒𝐶2ℎ,𝑥𝑦𝑦𝑦
(3) . (6.9) 
As a result, cross-polarized THG intensity along the lattice vectors in a- (𝜃 = 0, 180°) and b-
directions (𝜃 = 90, 270°) directly probes the magnetization of ferromagnetic monolayer CrSBr. 
Figure 6.9 shows experimental data of THG intensity of bulk CrSBr with ~100 nm thickness at 
room temperature which has D2h symmetry. With consideration of sample tilt of 4.3° with respect 
to the instrument, we can see nodal lines described by equations (6.8 and (6.9 are visible in the 
cross-polarized spectrum. 
 




Figure 6.9. Polarization resolved THG spectrum of bulk CrSBr at room 
temperature using 1030 nm pulsed excitation. Circles are experimental data, and 
solid curves are fits using equation (6.6. Note the nodal lines at 4.3° and 94.3° for 
cross-polarized spectrum. 
 
Figure 6.10. Space groups of paramagnetic and antiferromagnetic phases of 
CrSBr bilayer. 











which makes the analysis complicated. For bilayer CrSBr, Néel temperature can be measured more 
conspicuously with SHG measurements, rendering SHG and THG be complementary experiments 




Figure 6.11. Space groups of paramagnetic and ferromagnetic phases of CrI3 
monolayer. 
Here we discuss nonlinear susceptibilities of CrI3 without experiments. SHG on CrI3 is similar to 
CrSBr, where no SHG is observed at monolayer while C2v SHG is detected for 
antiferromagnetically ordered CrI3 bilayer.
176 Monolayer CrI3 has three-fold principal axis of 
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), cross-polarization of THG can be used to 
directly probe the degree of magnetization in CrI3 monolayer. 
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6.5 Layer Dependent Magnetic Transitions in CrSBr 
 
Figure 6.12. Polarization resolved SHG spectrum of CrSBr bilayer at 66 K in a 
cross-polarized configuration. 
Figure 6.12 shows cross-polarized SHG spectrum of a bilayer CrSBr sample at 66 K. From the 
equation (6.4, the intensity of cross-polarized component of SHG signal is given as 
𝐼⊥
(2) = |𝜒𝑦𝑥𝑥
(2) cos3 𝜃 + (𝜒𝑦𝑦𝑦
(2) − 2𝜒𝑥𝑦𝑥
(2) ) cos 𝜃 sin2 𝜃|
2
. 
Experimental data shown in red markers is fitted with the above equation in the blue curve. The 
measurement further indicates that a- and b- directions corresponds to 104° and 194° based on the 
shapes of cos3 𝜃 and cos 𝜃 sin2 𝜃. While typically determining lattice orientation is unambiguous 
as both bulk and exfoliates crystals possess needle-like shapes that are elongated in b-direction, 
lattice orientation can be precisely measured with SHG. 
We perform temperature dependent SHG to determine Néel temperature of bilayer CrSBr. 
Second order susceptibility is proportional to the antiferromagnetic vector (equation (6.2), which 
is proportional to the magnetization of each layer. As a result, square root of SHG intensity 
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measures the magnetization of CrSBr layers. Figure 6.13 shows plot of √SHG to the temperature. 
The data is fitted with equation of magnetization177 
𝑀(𝑇) = 𝑀(0)(1 − (𝑇/𝑇𝐶)
𝛼)𝛽 
which interpolates between Bloch law near T = 0 K178 and near the Curie temperature.51 Mean 
field approximation gives 𝛼 =  1.5 and 𝛽 =  0.5, or 𝛽 ≈ 1/3  with Heisenberg model, where 
experimental values lie somewhere in between. Fitting the data shown in Figure 6.13 is very well 
explained with this equation with 𝛼 and 𝛽 values consistent with the theory, and we obtain 𝑇𝑁 = 
155 ± 3 K, which is 23 K higher than bulk Néel temperature. 
Such increase in Néel temperature is extremely peculiar and interesting, because magnetic 
materials show universal behavior where their magnetic phase transition temperature decrease as 
the materials become thinner.59,179 As the samples get thinner and approach the Heisenberg limit, 
 
Figure 6.13. Temperature dependent square-root SHG intensity to determine 
Néel temperature of CrSBr bilayer to be 155 K. 
90 
magnetic ordering becomes less stable since the material becomes more susceptible to disruptions 
of spin waves. Such drop in magnetic phase transition temperature is more severe if the material 
is more isotropic or when the correlation length exceeds the material thickness.180,181 
To further verify the increase of Néel temperature in bilayer, we perform thickness 
dependent measurement. Figure 6.14 shows √SHG vs. temperature for bilayer, 7 layer, and bulk 
samples, with Néel temperatures of 155, 136, and 132 K, showing the increasing trend as the 
material becomes thinner. We are working on a hypothesis that there is a “hidden” phase transition 
in bulk CrSBr above Néel temperature. Around 150 K, each layer in CrSBr goes through 
ferromagnetic phase transition, while the interlayer interaction remains paramagnetic, hence the 
phase transition remains undetected with magnetic susceptibility measurements. Only below the 
Néel temperature at 132 K does the interlayer antiferromagnetic ordering become observable. As 
the material become thinner, spin wave excitation gap in z-direction opens up due to quantum 
 
Figure 6.14. Layer-dependent square-root of SHG intensity and magnetic phase 
transition temperatures. 
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confinement and stabilizes antiferromagnetic coupling between layers. Consequently, Néel 
temperature rises to approach the “hidden” intralayer Curie temperature. This unique behavior of 
CrSBr likely originates from strong anisotropy in all three directions. We are currently working 
on careful nonlinear spectroscopy and magneto-transport measurements to confirm the hypothesis. 
6.6 Raman Spectroscopy and In-Plane Antiferromagnetism 
Materials isostructural to CrSBr, such as TiOCl, TiOBr, VOCl, CrOCl, and FeOCl, has been 
studied for their strong magnetoelastic couplings in pseudo-one-dimensional chains of transition 
metal oxides.182-185 In VOCl, CrOCl, and FeOCl, the crystals undergoes monoclinic lattice 
distortion under Néel temperature due to in-plane antiferromagnetic orderings,183,185,186 and TiOCl 
and TiOBr experiences further structural change of Ti dimerization from spin-Peierls effect,184,187 
making them second and third inorganic materials to exhibit spin-Peierls transition after 
CuGeO3.
188 Unlike other isostructural materials, however, small spin-flop field in the magnetic 
easy axis of bulk CrSBr170 and strong SHG response in bilayer suggests that antiferromagnetic 
transition at 130-150 K is due to interlayer antiferromagnetism unlike other isostructural materials. 
Only at the lower temperature below 50 K do we start to observe evidence of intralayer 
antiferromagnetism from Raman spectroscopy. 
At room temperature, bulk CrSBr shows 4 main Raman peaks at 112, 243, 342, and 389 
cm-1, which are all identified to be Ag modes from polarization-resolved Raman shown in Figure 
6.15. These modes all show nuclear motions only in z-direction based on DFT calculation, with 
111, 214, 322, and 347 cm-1.189 Bg modes are not resolved in the measurements. Since there are no 




Figure 6.15. Polarization dependent Raman spectra of bulk CrSBr at 200 K. 
 
Figure 6.16. Polarization dependent Raman spectra of bulk CrSBr at 5 K. 
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Figure 6.16 shows polarization dependent Raman spectrum at 5 K using 1064 nm 
excitation. We observe Ag modes stiffening overall, without any peak splitting from zone-folding, 
which suggests that spin-Peierls transition does not take place in CrSBr. New peaks start to emerge 
at low temperatures at high energy region above 600 cm-1. One of the most noticeable peaks is the 
one at 700 cm-1 which shows two-fold symmetry in both parallel- and cross-polarized Raman 
spectra, which is not possible with a simple Stokes Raman shift. Previous studies on isostructural 
materials suggest the peak is from two-phonon scattering of two Bg modes or dimerization of 
transition metals in b-direction, all associated with lattice distortion due to intralayer 
antiferromagnetic transitions. Temperature dependent Raman shows second-order transition from 
the emerging 700 cm-1 peak below 50 K (Figure 6.17a). At higher energy in 1000-1200 cm-1 region, 
we see a broad peak from two-magnon scattering at its highest intensity around Néel temperature. 
  
Figure 6.17. (a) Temperature dependent Raman spectra of bulk CrSBr near 700 
cm-1, showing second-order transition at 50 K. (b) Image plot of temperature 
dependent Raman showing broad peak from two-magnon scattering culminating at 
the Néel temperature. 
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Lastly, temperature dependent SHG on CrSBr bilayer is performed in 3.5-70 K region, and 
did not show any evidence of intralayer antiferromagnetic ordering (Figure 6.18), which suggests 
that intralayer AFM phase becomes unstable at the atomically thin limit. 
 
Figure 6.18. Temperature dependent SHG on bilayer CrSBr at 3.5-70 K 
temperature in (a) parallel- and (b) cross-polarized configurations. (c) Square-root 
of SHG intensity vs. temperature showing trends of spontaneous magnetization 
following Bloch law. 
6.7 Conclusion and Outlook 
We have explored magnetic phase transitions in CrSBr with SHG and Raman spectroscopies. 
Spectroscopic studies on bulk CrSBr reveal additional magnetic phases in the material previously 
unknown (Figure 6.19). Starting from the paramagnetic state at high temperature, the material 
enters intralayer ferromagnetic and interlayer paramagnetic phase as the temperature goes down. 
At 𝑇𝑁 = 132 K, interlayer coupling becomes antiferromagnetic to exhibit bulk antiferromagnetism. 
Finally, at 50 K intralayer coupling turns antiferromagnetic as well. In the atomically thin crystal 
of CrSBr bilayer, intralayer-ferromagnetic-interlayer-paramagnetic phase and intralayer 
antiferromagnetic phase becomes unstable, and only paramagnetic state and intralayer-
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ferromagnetic-interlayer-antiferromagnetic phase remains. This has an effect of raising 𝑇𝑁 to 155 
K, appearing to defy previous understanding on stability of 2D magnetism. 
In the future, we will be using THG to probe magnetic phases in monolayer CrSBr, as well 
as monolayer CrI3. Furthermore, we will be investigating semiconducting properties of atomically 
thin CrSBr with PL and magnetotransport measurements. Lastly, we will electrostatically dope 








In this dissertation we have explored 2D superatomic semiconductors and 2D magnetic materials. 
Tunability of building blocks of superatomic crystal enables us to explore diverse design principles 
in 2D superatomic solids. Additionally, 2D magnetic semiconductor CrSBr inspires us to explore 
magnetism with strong anisotropy in 2D realm. 
Superatomic crystal [Co6Se8(PEt2phen)6][C60]5 constructs a layered structure from 
molecular clusters which can be used as a template to create a 2D C60-based material. 
Photopolymerization in the parent material enhances the mechanical strength of the C60 layers and 
enables solvent-mediated exfoliation. The resulting 2D material is a trilayer sandwich structure of 
C60 and Co6Se8(PEt2phen)6 with the optical gap of 0.25 eV, slightly narrower than that of the parent 
compound. 
Re6Se8Cl2 and Mo6S3Br6 are presented as the first examples of covalently linked 2D 
superatomic solids built from nanoscale building blocks. Using reflectance, photoluminescence, 
and scanning tunneling spectroscopies, we determine Re6Se8Cl2 to be an indirect-gap 
semiconductor with 1.50 eV optical gap and 80 meV exciton binding energy. Mo6S3Br6 is a direct 
gap semiconductor with strong anisotropy in electronic band structure and phonon dispersion. 
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Furthermore, we demonstrate the emergence of hierarchical coherent phonons in a 2D 
superatomic semiconductor. These include the 0D breathing modes of the superatomic unit, the 
2D optical phonons of synchronized cluster twisting motions, and the 3D acoustic modes traveling 
perpendicular to the layers. The hierarchy of coherent phonons of different dimensions are most 
likely generated by different mechanisms: impulsive Raman excitation for the 0D breathing modes, 
displacive mechanism for the delocalized 2D inter-superatom modes, and strain propagation for 
the interlayer acoustic modes. Our findings of phonon hierarchy in superatomic crystals opens the 
door to a new degree of control over material properties by selectively exciting phonons of 
different dimensionality. 
Lastly, we explore magnetic phases in CrSBr with SHG and Raman spectroscopies. 
Spectroscopic studies on bulk CrSBr reveal its complex magnetic phases. Starting from the 
paramagnetic state at high temperature, the material enters intralayer ferromagnetic and interlayer 
paramagnetic phase as the temperature goes down. At 𝑇𝑁 = 132 K, interlayer coupling becomes 
antiferromagnetic to exhibit bulk antiferromagnetism. Finally, at 50 K intralayer coupling turns 
antiferromagnetic as well. In CrSBr bilayer, intralayer-ferromagnetic-interlayer-paramagnetic 
phase and intralayer antiferromagnetic phase becomes unstable, and only paramagnetic state and 
intralayer-ferromagnetic-interlayer-antiferromagnetic phase remains, which consequently raises 
𝑇𝑁 to 155 K. 
Advances in 2D superatomic semiconductors and 2D magnetic materials provide 
additional sets of tools to manipulate structural, electronic, phononic, and magnetic properties of 
the material. Furthermore, these materials as semiconductors offers photonic applications using 
strong electron-phonon coupling and light-spin interactions. These materials hold promises as 
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model systems to study fundamental physical principles as well as platform for applications with 
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